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Kurzfassung

In den letzten Jahren hat sich Massenspektrometrie zur Technologie der
Wahl für Proteincharakterisierung, sowie für die Analyse von post-transla-
tionalen Modifikationen (PTMs), wie etwa Phosphorylierung, entwickelt.
Neben der Identifikation und Quantifizierung von modifizierten Peptiden
und Proteinen stellt die präzise Lokalisierung der Modifizierungsstellen in-
nerhalb der Aminosäuresequenz eine kritische Aufgabe bei der Beantwor-
tung biologischer Fragestellungen dar. Es wurde eine Vielzahl an Software
Lösungen entwickelt, welche in der Lage sind, die wahrscheinlichste PTM
Zuordnung zu bestimmen und die Konfidenz der berichteten Resultate abzu-
schätzen. Dies ermöglichte Hochdurchsatzlokalisierung von Modifikation-
sstellen. Allerdings kann die sogenannte False Localization Rate (FLR) der
berechneten Modifikationsstellen bis heute nicht akkurat mittels eines allge-
mein anerkannten Ansatzes abgeschätzt werden, weshalb das Ziel dieser Ar-
beit die Entwicklung einer ebensolchen Methode war. Die neuartige Methode
basiert auf das Hinzufügen von Modifikationsstellen, welche a priori als inko-
rrekt bekannt sind, zum Suchraum. Diese so genannten Köderstellen werden
generiert, indem entscheidende Fragmentionen entlang der m/z Achse ver-
schoben werden. Um den Ansatz validieren zu können, wurde eine Peptidbib-
liothek mit rund 60.000 individuellen Phospho-Peptiden erstellt. Basierend
auf mehr als 700.000 hoch zuverlässige Peptide Spectrum Matches, welche
mit verschiedensten Dissoziationsmethoden aufgezeichnet und unter unter-
schiedlichsten Instrumenteneinstellungen gemessen wurden, deuten die er-
haltenen Ergebnisse an, dass der neue Ansatz im Stande ist, die FLR unter
allen untersuchten Bedingungen zuverlässig abzuschätzen.

v



Abstract

In recent years, mass spectrometry has emerged as the technology of choice
for protein characterization, including the analysis of post-translational mo-
difications (PTMs), such as phosphorylation. Besides identification and quan-
tification of modified proteins and peptides, the precise localization of the ex-
act site within the amino acid sequence is critical for the biological questions
addressed. A variety of software tools have been introduced that determine
the most probable PTM assignment and provide scores estimating the confi-
dence of reported results, thereby enabling high-throughput site localization.
However, the false localization rate (FLR) of obtained sites cannot yet be
estimated accurately by a generally accepted approach and, thus, it was the
aim to develop such a statistical method.The novel approach involves addi-
tion of proper candidates that are a priori known to be incorrect (decoys) to
the search space. Generation of decoy sites is achieved by m/z shifting of site
determining fragment ions. In order to validate the method, a peptide library
was constructed that comprises roughly 60,000 distinct phospho-peptides.
Based on more than 700,000 high confident peptide to spectrum matches
that were acquired with diverse dissociation methods and measured under
various instrumental conditions, it is assumed that the novel approach is
capable of reliable FLR estimation in all scenarios under investigation.
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Chapter 1

Introduction

In-depth investigation of living things and biological systems has always
been fascinating and inspiring people, thereby evolving into one of the ma-
jor research areas. Dramatic technological advances during the past century
have lead to fundamental discoveries allowing a better understanding of
the nature of life. It is now known that an essential feature of every liv-
ing organism is its complex and dynamic biochemical machinery, enabling
both reaction to external stimuli and adaptation to environmental changes.
Post-translational modifications (PTMs) play a key role in these molecu-
lar dynamics. Protein phosphorylation for example, the most ubiquitous
PTM, was discovered to be crucial for a variety of cellular processes, includ-
ing signal transduction, transcription, proliferation and metabolism [1, 2].
Hence, the detailed study of phosphorylated proteins and their interaction
with other proteins, as well as with DNA, is of great interest since the past
decades and gave rise to a specialized field termed phospho-proteomics.

The availability of high-throughput and large-scale DNA sequencing
methods, which ultimately enabled complete genome analysis [3–8], had a
major impact on protein research. Utilizing translated DNA sequences, quick
identification of proteins became a feasible task. Mass spectrometry (MS)
has matured from a method able to identify a limited number of proteins
in rather simple compositions to a high-throughput technology capable of
assessing the complexity of whole proteomes, including that of human [9].
Typically, large-scale MS-based proteomics deploys high performance liquid
chromatography (HPLC) coupled online via electrospray ionization (ESI)
[10] to tandem mass spectrometry (MS/MS). The downstream computa-
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1. Introduction 2

tional data analysis involves application of sophisticated algorithms aiming
at identification, quantification and characterization of peptides and pro-
teins.

Nowadays, MS is the state-of-the-art technology for protein character-
ization including the analysis of PTMs, such as phosphorylation [11, 12].
Besides identification and quantification of modified peptides, the precise
determination of the exact site within the protein carrying the PTM consti-
tutes a critical task for the biological question addressed. Due to the dimen-
sion of current phospho-proteomics studies [13–15], which aim at assigning
tens of thousands of phospho-sites, software tools have been developed that
can tackle the challenging task of high-throughput site localization [13, 16,
17]. However, there exists no generally accepted approach to accurately es-
timate the error rate of obtain modification assignments, which would be
crucial to assure the confidence of reported results and inferred scientific
conclusions.

In this work a novel approach for accurate false localization rate (FLR)
estimation, applicable to phospho-proteomics datasets and potentially ex-
tendable to the analysis of other PTMs, is presented. The method has been
validated based on a library comprising roughly 60,000 individual chemically
synthesized phospho-peptides with known modification sites. In total, more
than 700,000 MS/MS spectra were acquired with distinct sample compo-
sitions, diverse fragmentation techniques and altered instrumental setting,
aiming at a critical examination of the newly developed FLR estimation
procedure.



Chapter 2

Protein Phosphorylation in
Biological Systems

Reversible protein phosphorylation, first being considered a rather special-
ized regulatory mechanism largely confined to glycogen metabolism, is now
recognized to be crucial for regulation of nearly every aspect of cellular life
[18]. Aberrant phosphorylation can be a cause or consequence of diseases
such as cancer [19, 20]. The consequential surge of interest in this research
area over recent years culminated in the approval of the first orally active
protein-kinase inhibitor as a drug for clinical use [18, 19].

2.1 Targeted Amino Acid Residues

The process of protein phosphorylation involves transfer of the 𝛾-phosphate
moiety of adenosine triphosphate (ATP) classically to the hydroxyl group
of either serine (Ser), threonine (Thr) or tyrosine (Tyr) residues, forming a
phosphoester bond. Enzymes referred to as protein kinases and protein phos-
phatases catalyze phosphorylation and de-phosphorylation, respectively. In
large scale phospho-proteomics studies phospho-Ser is detected predomi-
nantly (70-90%), compared to phospho-Thr (10-25%) and the even less
frequently observed phospho-Tyr (1-10%). Interestingly, the distribution of
these so called O-phosphorylations seems to be highly conserved between
different species ranging from bacteria and archaea to highly complex eu-
karyotes, such as human [13, 21–26].

Besides Ser, Thr and Tyr there exist other amino acids that are ca-
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2. Protein Phosphorylation in Biological Systems 4

Figure 2.1: Chemical structure of serine, threonine and tyrosine [1].

pable of being phosphorylated and are thought to engage in important
biological functions [27–30]. Examples of such non-canonical phosphoryla-
tion accepting residues are arginine (Arg), lysine (Lys) and histidine (His),
which may covalently bind the phosphate moiety at the side-chain nitro-
gen forming a phosphoramidate (P-N) bond [31]. However, those so called
N-phosphorylations are up to now only scarcely studied, which can be ad-
dressed mainly to the acid lability of the P-N bond in comparison to the acid
stable O-phosphorylations [27, 29, 32]. Resistance under acidic conditions is
critical because commonly employed sample preparation and measurement
strategies involve rather low pH.

Figure 2.2: Chemical structure of lysine, arginine and histidine [1].
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2.2 Consequences

Proteins can be influenced by phosphorylation events in two distinct ways.
Firstly, the addition of one or more negatively charged phosphate groups
causes a dramatic conformational change, which in turn alters ligand binding
capabilities elsewhere on the protein surface, thereby modifying the proteins
activity [1]. Secondly, the attached phosphate group itself functions as a
part of the binding site [1]. For both of the mentioned possibilities, the
phosphorylation state of a certain protein, and thus its activity, is influenced
by the combined activities of the protein kinases and phosphatases it is
targeted by. As a consequence, phosphate groups are continually turning
over, allowing a population of proteins to alter its state of phosphorylation
quickly in response to an abrupt change in the rate of attachment of that
moiety. Furthermore, protein phosphorylation and dephosphorylation can
promote the regulated assembly and disassembly of protein complexes.

2.3 Functional Characteristics

The attachment of phosphate moieties to certain side chains of a protein’s
amino acids can give rise to cellular dynamic in various ways. It can serve
as an on and off switch for the catalytic activity of the targeted enzyme,
affect protein-protein or protein-nucleic acid interactions, alter the protein’s
stability or modify its specific localization within the cell [1]. The combi-
nation of these effects enables the conversion of information from beyond
the cell membrane into an intracellular chemical change, a process referred
to as signal transduction, which ultimately results in a cellular response.
Intracellular signaling proteins relay the signal sequentially from one to an-
other until the effector protein that finally alters the cell’s behavior. On its
way downstream from the primary transduction the signal may be trans-
formed, amplified, integrated with and spread to other signaling pathways
leading to highly interconnected regulatory circuits [1]. This emphasizes the
requirement of multidisciplinary high-throughput analysis methods – both
experimental and computational – in combination with sophisticated math-
ematical models to uncover the connection between a stimulus and the cor-
responding cellular response, which is essential for the in-depth study of
diseases such as cancer.



Chapter 3

Mass Spectrometry-Based
Proteomics

Proteomics in general aims at the analysis of the entire set of proteins ex-
pressed by a specific cell or tissue under predefined conditions [33]. In con-
trast to an organism’s genome, which is considered rather constant over
time, its proteome seems to be of sheer infinite complexity, since each pro-
tein may be present in different forms, in different amounts and at different
times. Owing to the availability of whole-genome sequencing data and dra-
matic technological advancements, MS has over the past decade become the
method of choice for large-scale analysis of complex protein samples.

3.1 Bottom-Up versus Top-Down

Each proteomic analysis starts with preparation of the sample, in which
proteins are either enzymatically cleaved prior to MS measurement yield-
ing peptides (bottom-up) or they are analyzed intact (top-down). Currently,
the most popular method for large-scale investigation of complex samples is
the so called bottom-up proteomics approach. Here endoproteases, such as
trypsin, are used for proteolytic cleavage. Subsequently, proteins are identi-
fied based on peptide masses and sequences, which are inferred using tan-
dem mass spectrometry (see section 3.4) and dedicated software tools (see
section 3.5.1). Shotgun proteomics, a commonly applied subtype of bottom-
up proteomics, can be seen as the protein equivalent to shotgun genomic
sequencing, in which the whole genome is sheared and analyzed in a non-
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3. Mass Spectrometry-Based Proteomics 7

targeted fashion. However, due to the peptide-centric nature of bottom-up
proteomics, inference of protein-based information, such as identification of
protein isoforms or determination of protein’s PTM-state, is impeded [34].

Top-down proteomics on the other side enables identification of protein
isoforms [35, 36], allows better characterization of PTMs [37, 38] and pro-
vides improved reliability of protein quantification [39–41], compared to the
peptide-based analog. However, the method still faces several technological
limitations, such as the challenging front-end separation of intact proteins,
the requirement for high resolution MS for resolving the proteins’ complex
isotopic envelopes and the efficient fragmentation of large proteins, which
hinder it up to now from widespread application.

This work focuses almost exclusively on the bottom-up proteomics ap-
proach.

3.2 Phospho-Peptide Enrichment

Although it is thought that roughly one third of all proteins encoded by
the human genome are phosphorylated, the level of phosphorylation at spe-
cific sites can vary between less than 1% and greater than 90% [42]. The
consequential substoichiometric nature of protein phosphorylation poses a
major challenge in phospho-proteomics and necessitates the application of
advanced enrichment strategies.

Immobilized metal affinity chromatography (IMAC) is capable of selec-
tively enriching for phospho-peptides based on high-affinity coordination of
phosphate groups to certain trivalent metal cations, such as Fe3+, Ga3+,
Al3+ and Zr3+, under acidic conditions [43, 44]. Phospho-peptides can sub-
sequently be eluted by either increasing the pH or addition of phosphate to
the elution buffer.

Alternatively, TiO2 was discovered to be a chromatographic solid-phase
material enabling selective isolation and enrichment of phosphorylated pep-
tides from complex mixtures [45–47]. It provides high chemical stability,
physical rigidity and unique amphoteric ion-exchange properties [42]. Phos-
phate moieties can be trapped under acidic conditions and eluted at high
pH.

Strong cation exchange (SCX) chromatography has also been shown to
allow separation of phosphorylated and non-phosphorylated peptides, which
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is based on solution charge state differences caused by addition of a phos-
phate moiety [48]. Here analytes are eluted applying a gradient of increasing
salt concentration. In several large-scale studies [13, 49, 50], SCX followed
by either IMAC or TiO2 has been used successfully for phospho-peptide en-
richment of highly complex samples. Further, the combination of titanium
enrichment and IMAC has been shown to be highly selective, sensitive and
reproducible [51].

Electrostatic repulsion hydrophilic interaction chromatography (ERLIC)
[52] is based on hydrophilic-interaction chromatography (HILIC) [53], which
deploys a hydrophilic stationary phase and a hydrophobic mobile compris-
ing mostly organic solvents, such as acetonitrile (ACN). It is assumed that
HILIC involves partitioning of analytes between the hydrophobic mobile
phase and a layer of water-enriched liquid phase, which is partially immo-
bilized on the hydrophilic stationary phase [53]. When using weak anion
exchange columns at low pH, negatively charged phospho-peptides can be
retained, while positively charged acidic peptides, as well as N-terminally
protonated peptides elude [52]. This method is termed ERLIC and can be
used for selective isolation of phosphorylated peptides from a tryptic digest.

3.3 Chromatographic Separation

Due to the high complexity of proteomic samples such as whole cell lysates,
which is further increased upon proteolytic cleavage of proteins into oligo-
peptides, and owing to the extraordinary dynamic range, which spans 11
orders of magnitude in case of the human plasma proteome [54], separation
of analytes prior to their analysis by MS is indispensable.

Nanoscale reversed-phase high-performance liquid chromatography (na-
no RP-HPLC) online coupled to MS has become a routinely applied analysis
setup for proteomics. This chromatographic technique employs a hydropho-
bic stationary phase consisting of silica beads with straight octadecyl (C18)
side chains and a hydrophilic, aqueous mobile phase. Peptides are eluted
based on their hydrophobicity using a gradient of increasingly concentrated
organic solvents, such as ACN. Addition of carboxylic acids (e.g. formic
acid) improves separation due to their ion pairing capabilities and enhances
ionization of analytes required for online MS analysis.

Especially for in-depth analysis of complex large-scale proteomic sam-
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ples, a further increase in peak capacity can be achieved by multidimen-
sional separation, in which techniques are combined that separate analytes
according to distinct orthogonal [55] molecular properties. The two dimen-
sional separation approach deploying SCX followed by RP, also referred to as
multidimensional protein identification technology (MudPIT), has become
a popular method in shotgun proteomics [56–58].

3.4 Tandem Mass Spectrometric Measurement

MS is the most comprehensive and versatile technology for protein charac-
terization in large-scale proteomics [59]. Measurements are carried out in the
gas phase and include determination of both the mass to charge (m/z) ratio
and abundance of ionized analytes. Despite front-end chromatographic sep-
aration, an average of more than 20 individual peptide species might elude
simultaneously each second in a standard LC run of HeLa cell lysate [60],
necessitating an advanced measurement procedure.

Peptide-mass fingerprinting, in which proteins are identified based on
observed peptide masses, is restricted to the analysis of essentially purified
target proteins [33]. Alternatively, selected peptide ions can be fragmented
yielding additionally information about the peptide sequence. This method
is also referred to as tandem mass spectrometry (MS/MS). Data acquisition
in MS/MS is commonly performed in a data-dependent fashion, in which the
most intense intact peptide ions of an initial scan (MS1 scan) are selected for
subsequent acquisition of the respective fragmentation spectra (MS2 scans).

Figure 3.1: MS/MS applying data-dependent acquisition [61].
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3.4.1 Fundamentals of Mass Spectrometry

In general, a mass spectrometer consists of the following three parts: an ion
source, which is responsible for ionization of analytes, a mass analyzer that
is capable of separating ions based on their m/z ratio and, finally, a detector,
which determines the number of ionic species at each m/z value.

Ion source: Matrix-assisted laser desorption/ionization (MALDI) [62]
and electrospray ionization (ESI) [10] constitute the two most commonly
applied techniques to volatize and ionize proteins and peptides for subse-
quent MS analysis. In MALDI, analytes are sublimated and ionized out of a
crystalline matrix by using laser pulses, giving rise to predominantly singly
charged species. This is advantageous especially for top-down analysis of
high-molecular-weight proteins [59]. Unlike MALDI, ESI is applied to solu-
tions and, thus, can be readily coupled to liquid-based separation techniques,
such as chromatography or electrophoresis. ESI is driven by a voltage of a
few kV between a metal capillary, which is connected to e.g. a chromato-
graphic system, and a counter electrode that constitutes the entrance of the
mass spectrometer. In the created electrically charged spray, droplets are
continually de-solvated at atmospheric pressure ultimately creating multi-
ply charged peptides well suited for MS analysis.

Mass analyzer: Ions emanating from the ion source can be subject to
detailed investigation by, up to now, 4 distinct basis types of mass analyz-
ers, namely, sector field, time-of-flight (TOF), quadrupole mass filter (Q)
and ion traps (IT). Sector field mass analyzers deflect accelerated ions onto
m/z-dependent trajectories by a sector-shaped magnetic field. In contrast,
TOF discriminates charged species according to their m/z by determining
the time period accelerated ions require to travel along a defined distance
in a field-less tube. Quadrupole mass filters deploy a set of four linear rods
(alternatively 6 or 8 rods in case of hexapole or octupole, respectively) to
create an electromagnetic field that allows only ions within a certain m/z
range to traverse the device. Finally, ion traps are capable of capturing,
measuring and – in most cases – also fragmenting charged species in one de-
vice [63]. There exist three subtypes of this kind of mass analyzer, namely,
quadrupole ion traps (or Paul traps) [64–66], Penning ion traps [67] and
Kingdon ion traps (or orbitraps) [68, 69]. All three are able to separate
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ions based on their m/z resonance frequencies. Among the most popular
mass spectrometers used for proteomic analysis, many employ a combina-
tion of different mass analyzer types, such as triple quadrupole (QQQ) [70],
quadrupole/time-of-flight (Q-TOF) [71] and hybrid linear ion trap/orbitrap
(LTQ-orbitrap) [72].

Detector: After separation of ion according to m/z by the mass analyzer,
charged species can be detected and quantified e. g. by electron multipli-
ers, which allow the impact of ions on a surface to be converted into an
electric signal. Such a detection principle is deployed in sector field, TOF,
quadrupole mass filter and ion trapping instruments. Penning traps and or-
bitraps, however, require a completely different detection procedure. Oscil-
lating ions in such devices induce an image current in the detector electrodes,
which can be converted into a frequency spectrum by applying Fourier trans-
form. The frequencies can in turn be translated into m/z ratios.

3.4.2 Fragmentation Techniques

State-of-the-art mass spectrometers provide a variety of different fragmenta-
tion techniques for peptide backbone dissociation, which give rise to distinct
complementary fragment ion types. In general, N-terminal fragment ions are
referred to as a-, b- or c-type ions and C-terminal ones are called x-, y- or
z-type ions, depending on the respective cleavage site [73]. Observed frag-
ment ion types and respective relative abundances vary strongly between
the different activation techniques.

Figure 3.2: Nomenclature of peptide backbone fragments [61].
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Collision-induced dissociation (CID): In CID, also referred to as co-
llision-activated dissociation (CAD), precursor ions are kinetically activated
and allowed to collide with neutral non-reactive gas molecules, such as He,
Ar or N2, which results in cleavage of the chemical bond that requires the
lowest dissociation energy, namely, the amid bond that connects amino acid
residues [74–76]. Heterolytic fission of the protonated amid bond results in
formation of b- and y-type fragment ions [75]. Certain PTMs, such as phos-
phorylation, produce highly abundant neutral molecular losses resulting in
poor peptide backbone fragmentation efficiencies [75]. In order to circum-
vent this issues, a method called multi-stage activation (MSA) has been
developed, which is capable of activating both the intact precursor ions and
subsequent neutral loss product ions, thereby creating more information-rich
spectra [77].

Higher-energy collisional dissociation (HCD): Recently, a fragmen-
tation technique termed HCD has been introduced [78]. It involves energetic
injection of selected precursor ions into a dedicated collision cell [79], which
results in a similar dissociation mechanism as observed for CID. This so
called beam-type CID method produces predominantly y-type and low mass
b-type fragment ions [80].

Electron transfer dissociation (ETD): Initiated by protonated pep-
tides taking up low energy electrons that originate from aromatic anions
with sufficiently low electron affinity, such as fluoranthene, radical-driven
peptide backbone fragmentation is triggered [75]. Homolytic cleavage of N-
C𝛼 bonds results in the formation of c- and z-type fragment ions, while a
secondary pathway leads to fragment ions of types a and y . This so called
ETD, which is based on the previously developed electron capture dissocia-
tion (ECD) [81], is particularly well suited for characterization of peptides
containing PTMs, such as phosphorylation, because peptide backbone cleav-
age is more or less independent of both peptide sequence and presence of
labile modifications [75]. The insufficient fragmentation of double charged
species can be enhanced by application of supplemental collisional activation
of undissociated species after electron uptake [82].
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Electron-transfer/higher-energy collisional dissociation (EThcD):
Lately, a novel fragmentation technique has been introduced, in which ETD
is followed by all ion HCD [83]. This so called EThcD method provides
unique sequence coverage [83] and seems to be beneficial especially for the
analysis of labile PTMs, such as protein phosphorylation [84].

3.5 Computational Data Analysis

Computational analysis of the data obtained by LC-MS/MS measurements
has become a crucial procedure in state-of-the-art proteomics experiments,
which can mainly be attributed to the dimension of current studies that are
trying to assess the sheer boundless complexity of proteomes, especially that
of human. Although supervising analysis procedures is still required, most
processes are performed in a fully automated fashion. Bioinformatics task
performed today include identification, quantification and PTM analysis of
peptides and proteins, for each of which specialized algorithms are required.

3.5.1 Peptide and Protein Identification

In general, proteins can be identified applying either one- or two-stage MS.
In the first case, proteins are proteolytically cleaved and the masses of ob-
tained peptides are determined by MS in order to infer the identity of the
original protein. This procedure is also referred to as peptide mass finger-
printing (PMF) and is intrinsically restricted to the analysis of virtually pure
target protein samples [33]. In the second case, not only the intact molecular
mass of endoproteolytic peptides is recorded, but also fragmentation spectra
are acquired, providing additionally sequence information for each selected
peptide.

There exist two distinct approaches for assigning the correct peptide
sequence to a given MS2 spectrum. One aims at deducing the sequence of
amino acids directly from the observed fragmentation pattern without any
additional information, which is termed de novo peptide sequencing, and the
other attempts to select the most probable peptide that corresponds to a
given MS2 scan by searching a database containing all possible proteins [85].
The latter requires that the peptide and parent protein sequence in question
are known, meaning the genome of the organism under investigation needs to
be sequenced. In case such information is not available and, as a consequence,
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protein database searching is precluded, then de novo peptide sequencing
constitutes a method to identify unknown peptides and proteins, including
novel PTMs [86]. However, de novo methods require high mass accuracy
MS2 data as well as sufficient spectral quality, in order to be able to deduce
complete or partial sequences. Although there are well-established software
solutions for de novo sequencing, such as PEAKs (Bioinformatics Solutions
Inc.) [87], this approach is still not as broadly applied as database searching.

Figure 3.3: Common workflow of database search engines ([61] modified).

Applying so called database search engines is the prevailing methodology
for peptide identification [88]. Their common workflow involves in silico di-
gestion of all proteins in the database, determination of candidate peptides
for each MS2 scan according to the individual precursor masses and prede-
fined mass tolerance, matching between theoretical and measured fragment
ions and soring of obtained peptide to spectrum matches (PSMs). Such
search algorithms can be subdivided into two groups on the basis of the
implemented scoring scheme: heuristic and probabilistic ones [89]. Heuris-
tic search engines, such as Sequest [90] and X!Tandem [91], score PSMs by
means of similarity (determined e.g. with cross correlation) between a the-
oretical fragmentation spectrum computed for a certain candidate peptide
and the respective acquired MS2 scan. Probabilistic search tools, in contrast,
aim at estimating the likelihood that the observed PSM is a random event.
Frequently used search engines of this category include Mascot [92], Phenyx
[93], OMSSA [94], ProteinPilot [95], Andromeda [96] and MS Amanda [97].
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Alternatively, each acquired tandem mass spectrum can be searched
against a spectral library that is compiled from a large collection of pre-
viously identified confident PSMs [98, 99]. The potential of this method to
complement sequence database searching has been reported several times
[100–102]. However, spectral searching is capable of identifying only those
peptides, which have already been assessed, unless fragment spectrum pre-
diction algorithms become accurate enough and can replace acquisition of
MS2 spectra.

3.5.2 Phospho-Site Localization

Besides identification of phosphorylated peptides and proteins, the determi-
nation of the exact modification position(s) within the sequence constitutes
a crucial tasks in phospho-proteomics and is most commonly performed by
analysis of LC-MS/MS data. Phospho-site localization is based on detection
of so called site-determining ions, which unambiguously pinpoint the modifi-
cation to a certain sequence position [16]. Only if those fragment ions can be
observed explicit assignment of phosphorylation is possible. While this task

Figure 3.4: Phospho-site assignment based on site determining ions.

was previously performed predominantly by manual inspection of tandem
mass spectra, which requires expert knowledge and is time-consuming, there
has been a shift towards automated high-throughput site assignment using
dedicated software tools, owing to the size of current phospho-proteomics
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datasets [13–15]. These Computer algorithms, such as Ascore [16], PTM
score [13], MD-score [103] and phosphoRS [17], assign the most probable
sites and provide scores estimating the confidence of reported results.



Chapter 4

Control of Error Rates in
High-Throughput
Proteomics

Computational data processing is the predominant form of analyzing large-
scale proteomics data today. It allows objective and unbiased analysis, addi-
tionally reducing working time, when compared to manual inspection of MS
data. However, computation steps, such as identifying peptides and proteins,
determining significantly regulated proteins, encountering protein-protein
interaction partners and localization of PTMs within the protein sequence,
are all challenging and occasionally error-prone exercises (even if performed
manually instead), owing to a variety of reasons. First, the data can be noisy,
containing spurious peaks, which might give rise to incorrect identifications.
Second, due to high sample complexity, multiple co-eluting peptides might
be selected at once, giving rise to chimeric MS2 spectra that impede both
identification [104] and accurate quantification [105], as well as precise PTM
site assignment. Third, low quality tandem mass spectra might lack of suf-
ficient fragment ions for unambiguous peptide identification or localization
of chemical modifications. Fourth, the correct interpretation of a spectrum
might not be among the candidates considered during the analysis, in case
of a certain peptide or protein being absent in the database, an unantici-
pated PTM, or because a non-peptide species might have been selected for
fragmentation.

As a consequence, methods have been developed that enable rigorous

17
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estimation of the number of so called false positive observations, regarding
especially tasks such as peptide and protein identification and quantification,
as well as PTM site assignment. The development of such approaches is
of utmost importance in order to assure confidence of inferred scientific
conclusions, since those rely on the validity of considered data.

4.1 Confident Peptide and Protein Identification

Owing to the fact that a database search engine generates a peptide match
for almost all input tandem mass spectra, given that there is at least one
candidate peptide that meets predefined specifications, it is indispensable
to distinguish correct from incorrect PSMs [106]. For this purpose, it has
previously been state-of-the-art to apply certain constant filter criteria [56],
until it has been realized by the scientific community that statistical consid-
erations are required in order to assure quality of reported results [107].

In the following, approaches for estimating the frequency of false iden-
tifications, also referred to as false discovery rate (FDR), were developed
that can be subdivided into two groups [108]. In what is termed an empir-
ical Bayes approach [109], the observed score distribution, which is usually
bimodal, is modeled as a mixture model of two parametric distributions
assumed to represent correct and incorrect PSMs. For a given score thresh-
old, the FDR can be estimation based on these distributions, exemplified
by the PeptideProphet software [110]. In an alternative approach, proper
candidates that are a priori known to be incorrect (decoys) are added to the
search space and analyzed together with potentially true peptides (targets)
[111, 112]. If performed correctly, this so called target-decoy approach allows
to estimate the number of false positive results among target hits by count-
ing decoy observations above the specified score threshold, assuming that
incorrect (random) identifications are equally likely to originate from either
target or decoy database [113]. (FIGURE: Bayes and target-decoy) Decoy
candidates, generated most commonly by reverting of target proteins, should
preferably be concatenated to the target ones prior to database searching
[113]. For spectral library searching, decoy spectra can be generated by shift-
ing the m/z values of the measured MS2 scan [114].

The major drawback of empirical Bayes is that score distributions of cor-
rect and incorrect PSMs need to be estimated accurately, though they might
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vary substantially between datasets and search engines [114]. Target-decoy,
on the other side, needs also to be treated with caution in certain cases and
cannot be applied universally without testing its validity, e.g. in conjunc-
tion with a specific search engine [115]. In any case, when collapsing PSMs
to unique peptides and proteins, the FDR is continually increasing, due to
clustering of true positive PSMs to a smaller set of peptides and proteins,
unlike incorrect PSMs that match randomly across the entire database [116].
This circumstance requires use of stringent filter criteria at the PSM-level
in order to obtain sufficiently reliable protein identifications.

4.2 Reliable PTM Site Assignment

In essence, sites of modification are localized within peptide and protein
sequences by applying computer programs, which assign scores to each po-
tential modification assignment (see section 3.5.2). Score cutoffs required
for obtaining a reasonable false localization rate (FLR), as it is called, have
been determined for some of the tools on the basis of chemically synthesized
phospho-peptides, where the correct site is known a priori [16, 17, 103].
Thresholds obtained from such datasets of limited size, are subsequently
applied to the analysis of large-scale phospho-proteomics data that aim at
determining tens of thousands of sites.

However, it is doubtful that the FLR associated with a specific site lo-
calization score can be extrapolated accurately from a confined training set
of synthetic phospho-peptides to a dataset that might be up to several hun-
dred times larger and that potentially constitutes of a significantly different
population of phosphorylated peptides. Attempts were made to develop sta-
tistical approaches that would allow estimation of the FLR [117, 118], similar
to those used to assess the error rate of peptide and protein identifications.
Especially the large extent of similarity between position isoforms renders
the design of such methods a difficult task. Up to now, there exists no gen-
erally excepted approach for accurate estimation of the FLR, although it is
in demand.



Chapter 5

Results and Interpretation

This chapter comprises two studies, one that presents the potential of EThcD
for the analysis of PTMs, such as phosphorylation, and the other intro-
duces a novel approach to accurate FLR estimation. In both cases, the full
manuscripts are included as such.

5.1 Unambiguous Phospho-Site Localization Us-
ing EThcD

Localization of PTMs, such as phosphorylation, constitutes a difficult task,
especially if multiple potential modification sites are present. Successful site
assignment requires sufficient sequence coverage of detected fragment ions.
A recently developed fragmentation technique, termed EThcD, is shown to
enable unambiguous phospho-site localization. Below the respective article
published by Frese and co-workers is appended.
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ABSTRACT: We recently introduced a novel scheme
combining electron-transfer and higher-energy collision
dissociation (termed EThcD), for improved peptide ion
fragmentation and identification. We reasoned that phospho-
site localization, one of the major hurdles in high-throughput
phosphoproteomics, could also highly benefit from the
generation of such EThcD spectra. Here, we systematically
assessed the impact on phosphosite localization utilizing
EThcD in comparison to methods employing either ETD or
HCD, respectively, using a defined synthetic phosphopeptide
mixture and also using a larger data set of Ti4+-IMAC enriched
phosphopeptides from a tryptic human cell line digest. In combination with a modified version of phosphoRS, we observed that
in the majority of cases EThcD generated richer and more confidently identified spectra, resulting in superior phosphosite
localization scores. Our data demonstrates the distinctive potential of EThcD for PTM localization, also beyond protein
phosphorylation.

KEYWORDS: electron transfer dissociation, ETD, HCD, EThcD, phosphorylation site localization, phosphoRS

■ INTRODUCTION

Reversible phosphorylation of proteins is a key regulatory
mechanism in living cells.1 Protein phosphorylation can
modulate protein activity, turnover, subcellular localization,
complex formation, folding and degradation. Dynamic
phosphorylation plays a pivotal role in almost all biological
processes including cell division, differentiation, polarization
and apoptosis.2 Moreover, it is an important switch in cellular
signal transduction.3 The importance of this post-translational
modification (PTM) for cell biology has driven the develop-
ment of novel mass spectrometric tools for sensitive and global
detection of phosphorylation.4,5 However, the analysis of
phosphorylated peptides by mass spectrometry is still not as
straightforward as for “regular”, unmodified peptides. One of
the major challenges in phosphoproteomics is to improve MS
level representation since phosphopeptides are usually present
at substoichiometric levels. Hence, an enrichment step is
necessary to enable deeper penetration of the phosphopro-
teome. Enrichment is typically performed by chromatography,6

antibodies7 or metal-ion/metal oxide affinity-based8,9 techni-
ques. Two other main challenges are the identification of
phosphopeptides and confident localization of the correspond-
ing phosphosite.10 The challenge is caused by the higher lability

of the phosphate group when compared to the amide bond. A
number of strategies have been proposed to circumvent poor
fragmentation and improve sequence and site diagnostic
fragmentation, including the use of neutral loss-triggered MS/
MS/MS11 and multistage activation (MSA)12 in ion traps, the
use of beam type CID fragmentation,13 and electron capture/
transfer dissociation14 or a combination of some of these
approaches.9,15

Once phosphopeptide identification is feasible through
sufficient peptide backbone fragments, it can still be challenging
to pinpoint the true phosphosite. This becomes more difficult
as the number of potential phosphorylation sites within the
peptide sequence increases. In principle, unambiguous
phosphosite localization requires site-determining fragment
ions.16 Direct validation is feasible through detection of a
fragment ion that carries the phosphate group. Neutral loss
fragment ions can be used as well; however, since they exhibit
the same mass as a water loss from an unmodified residue they
do not directly confirm the correct site.17 Diagnostic
phosphosite-specific fragments facilitate pinpointing the correct
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phosphosite.18−20 Several algorithms and programs have been
developed to enable automatic phosphosite localiza-
tion.3,16,21−26 These software tools are based on distinct but
similar approaches and they all aim to provide a metric that
allows for assessment of the confidence in phosphosite
localization. Recently, Taus et al. have reported on a new
algorithm, coined phosphoRS,27 which presently is uniquely
compatible with CID, HCD and ETD fragmentation and was
optimized for both low- and high-resolution MS/MS spectra.
phosphoRS provides individual localization probabilities for all
potential phosphosites in a given peptide.
Generally, all scoring tools depend on the quality of the MS/

MS spectra. The more site-determining ions are detected, the
higher the confidence in phosphosite localization. We have
recently introduced a novel fragmentation scheme combining
electron-transfer and higher-energy collision dissociation,
termed EThcD.28 This method employs dual fragmentation
to generate both b/y and c/z ions which leads to very fragment
ion- and thus data-rich MS/MS spectra. Compared to HCD
and ETD, we found a substantial increase in peptide backbone
fragmentation, which translated into a remarkable average
peptide sequence coverage of ∼94% for tryptic peptides. We
reasoned that localization of post-translational modifications
could also highly benefit from EThcD spectra. Here, we
systematically assessed the impact on phosphosite localization
using EThcD. In this work we evaluate the performance of
EThcD in comparison to ETD and HCD using a defined
synthetic phosphopeptide mixture and also on a larger data set
of Ti4+-IMAC enriched phosphopeptides, all in combination
with a modified version of phosphoRS.

■ EXPERIMENTAL SECTION

Materials

All chemicals were purchased from Sigma-Aldrich (Steinheim,
Germany) unless otherwise stated. Formic acid and ammonia
were obtained from Merck (Darmstadt, Germany). Acetonitrile
was purchased from Biosolve (Valkenswaard, The Nether-
lands).

Sample Preparation

Protein from HeLa cells was harvested and digested with
trypsin, as previously described.29 Ti4+-IMAC beads were
prepared as reported elsewhere.30,31 Phosphopeptides were
enriched as previously described.32 Briefly, Gel-loader tips that
were plugged with C8 material (3M, Zoeterwoude, The
Netherlands) were filled up to 1 cm with Ti4+-IMAC beads.
Columns were equilibrated with loading buffer (80% ACN, 6%
TFA). Peptides were reconstituted in loading buffer, loaded
onto the columns and washed with washing buffer 1 (50%
ACN, 0.5% TFA, 200 mM NaCl) and subsequently washing
buffer 2 (50% ACN, 0.1% TFA). Phosphopeptides were eluted
with elution buffer 1 (10% NH3 in H20) followed by elution
buffer 2 (80% ACN, 2% FA). Eluate was acidified and diluted
with formic acid to a final acetonitrile concentration of <5%,
split into three equal amounts and directly analyzed by single
run LC−MS/MS utilizing ETD, HCD and EThcD, respec-
tively.

Mass Spectrometry

All data was acquired on an ETD enabled Thermo Scientific
LTQ Orbitrap Velos mass spectrometer (Thermo Fisher
Scientific, Bremen, Germany). A Thermo Scientific EASY-
nLC 1000 (Thermo Fisher Scientific, Odense, Denmark) was

connected to the LTQ Orbitrap Velos mass spectrometer.
ETD, HCD and EThcD methods were set up as previously
described.28 Briefly, all spectra were acquired in the Orbitrap at
a resolution of 7500. For HCD the normalized collision energy
was set to 40%. The ETD reaction time was set to 50 ms for
ETD and EThcD. Supplemental activation was enabled for
ETD. HCD normalized collision energy was set to 30% for
EThcD (calculation based on precursor m/z and charge state).
The anion AGC target was set to 4e5 for both ETD and
EThcD.

Data Analysis

Peak lists were generated using Thermo Scientific Proteome
Discoverer 1.3 software (Thermo Fisher Scientific, Bremen,
Germany). The nonfragment filter was used to simplify ETD
spectra with the following settings: the precursor peak was
removed within a 4 Da window, charged reduced precursors
were removed within a 2 Da window, and neutral losses from
charge reduced precursors were removed within a 2 Da window
(the maximum neutral loss mass was set to 120 Da). MS/MS
spectra were searched against a database containing the
synthetic phosphopeptide sequences and the human Uniprot
database (version v2010−12), respectively, including a list of
common contaminants using SEQUEST or Mascot (Matrix
Science, UK). The precursor mass tolerance was set to 10 ppm,
the fragment ion mass tolerance was set to 0.02 Da. Enzyme
specificity was set to Trypsin with 2 missed cleavages allowed.
Data from the synthetic phosphopeptide mixture was searched
with no enzyme specificity. Oxidation of methionine and
phosphorylation (S,T,Y) were used as variable modification and
carbamidomethylation of cysteines was set as fixed modifica-
tion. Percolator33 was used to filter the PSMs for <1% false-
discovery-rate. Phosphorylation sites were localized by applying
a custom version of phosphoRS27 (v3.0 − EThcD enabled) that
has been expanded to allow analysis of EThcD data.28 Briefly,
the algorithm considers both HCD- and ETD-type fragment
ions at the same time. While singly and doubly charged b- and
y-type fragment ions including neutral loss of phosphoric acid
(H3PO4) are considered for site localization, only singly
charged c-, z-radical and z-prime ions are scored.

■ RESULTS AND DISCUSSION

Increasing the confidence in phosphosite localization is a key
challenge in phosphoproteomics. Site-determining fragment
ions are required to unambiguously pinpoint the correct
phosphosite. Observing all possible peptide backbone cleavages
in a single MS/MS spectrum substantially simplifies phospho-
site localization. Recently, we showed that EThcD enables
complete peptide sequencing through dual fragmentation.28 In
EThcD, the peptide precursor is initially subjected to an ion/
ion reaction with fluoranthene anions in a linear ion trap, which
generates c- and z-ions. However, the unreacted precursor and
the charge-reduced precursor remain highly abundant after
ETD. In the second step HCD all-ion fragmentation is applied
to all ETD derived ions. This generates b- and y-ions from the
unreacted precursor and simultaneously increases the yield of c-
and z-ions by fragmentation of the charge reduced precursor.
Since the remaining unreacted precursor population is higher
charged than the ETD-derived fragment ions one can apply a
level of energy that fragments the precursor but does not
induce secondary fragmentation of c- and z-ions. Here, we
continue to explore the benefits of this novel fragmentation
mode for the analysis of phosphopeptides.
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Evaluation of Phosphosite Localization by EThcD using a
Defined Phosphopeptide Mixture

To evaluate the potential added value of phosphopeptide
analysis by EThcD we initially used a defined mixture of well-
characterized synthetic phosphopeptides. This mixture consists
of 30 phosphopeptides of varying length with up to four
phosphorylated residues (see Supplementary Table 1 for a
complete list, Supporting Information). We analyzed this
mixture by LC−MS/MS employing ETD, HCD and EThcD
fragmentation, respectively. We used identical instrument
settings with the only exception being the parameters for
peptide dissociation, which were set to the for each method
optimized values. The data was searched with SEQUEST and
the PSMs were manually validated and filtered (7 ppm peptide
mass tolerance, search engine rank 1, absolute Xcorr threshold
0.4). Additionally, we considered only PSMs for which the
injection time did not max out (<500 ms), that is, the target
number of ions was reached. Note that this precaution was
taken to exclude the number of ions as a variable that might
impair the quality of fragmentation. We calculated the average
precursor ion purity (PIP)34 for each data set and found similar
values, which were approximately 95% for all three techniques.
Together, these stringent criteria ensure that the activation
technique is the only variable that controls the fragmentation
behavior. A summary of the data from this direct comparison is
given in Table 1. Similar numbers of PSMs were identified for

all three fragmentation techniques. We found that EThcD
provided 248 PSMs while these numbers were 237 and 216 for
HCD and ETD, respectively. Out of the 30 unique synthetic
phosphopeptides injected ETD, HCD and EThCD identified
21, 22 and 24, respectively. We found the average SEQUEST
Xcorr being highest for EThcD (2.5) followed by HCD (1.9)
and ETD (1.5), which is in line with our previous results for
nonmodified peptides.28 The SEQUEST algorithm correctly
annotated the known phosphosites in 79% of ETD and 78% of
HCD data. Significantly, for EThcD this was over 95% (of all
PSMs), which directly reflects the higher spectral quality, due to
the generation of both b/y and c/z ions. This initial data
suggests that EThcD provides even more extensive backbone
fragmentation of phosphorylated peptides than ETD or HCD
alone, facilitating sensitive phosphosite localization with very
high confidence. It should be noted that the application of a site
localization algorithm would be prudent for real-life samples
since the true phosphorylation sites are unknown.
Recently, Taus et al. described phosphoRS, a novel tool to

improve confident localization of phosphosites.27 The software
is based on validated peptide identifications provided by
database search engines and calculates site probabilities for each
potential phosphosite in the peptide sequence. For this study
we used a modified version of phosphoRS that also enables

assessment of individual phosphosite probabilities for EThcD
fragmentation. We analyzed each data set using phosphoRS and
found that it performs equally well for all three fragmentation
techniques. Of all true phosphosites, 96% (ETD), 95% (HCD)
and 97% (EThcD) were assigned a site probability >99%, which
corresponds to a very high confidence in site localization
(Table 1). Together, these findings suggest that EThcD
generates MS/MS spectra that contain sufficient fragment
ions for the unambiguous and sensitive phosphorylation site
localization.
Phosphosite Localization of Ti4+-IMAC Enriched
Phosphopeptides by EThcD

Next, we assessed the performance of EThcD for phosphosite
localization on a larger data set. We used Ti4+-IMAC material
for the enrichment of phosphopeptides from a tryptic digest of
HeLa cells and analyzed equal amounts (corresponding to
enriched phosphopeptides from 100 μg of protein) by LC−
MS/MS with ETD, HCD and EThcD, respectively (Supple-
mentary Figure 1A, Supporting Information). All three
methods generated a similar number of MS/MS spectra. All
spectra were searched with SEQUEST. The ETD data was also
searched with Mascot because we found SEQUEST to perform
poorly for doubly charged phosphopeptides. Note that other
search engines such as OMSSA or SpectrumMill might provide
larger number of identifications for ETD data.35 However,
these algorithms are currently not compatible with EThcD data
and phosphoRS analysis within the Proteome Discoverer
software environment. All identified PSMs were then filtered
for <1% FDR using percolator to ensure consistency. In total
we identified 2217 (ETD), 4179 (HCD) and 3594 (EThcD)
phospho-PSMs (Table 2). Our initial analysis of a defined

synthetic phosphopeptide mixture demonstrated that EThcD
performs at least on the same level as HCD in terms of peptide
identification. However, the overall identification success rate in
the Ti4+-IMAC data set was slightly lower for EThcD compared
to HCD. This can be attributed to the rigid automatic FDR
filtering. The MS/MS spectra from the synthetic phosphopep-
tide mixture were manually validated whereas the Ti4+-IMAC
data set was computationally filtered to <1% FDR. The
application of EThcD, in comparison to ETD or HCD alone,
significantly increases the number of fragment ions observed in
the MS/MS scans. On the one hand EThcD spectra contain
more sequence information, which is beneficial for inferring the
peptide sequence and PTM localization. On the other hand,
these additional fragment ions may also match to random
peptide sequences, increasing their score and hampering the
differentiation between correct and incorrect matches. Con-
sequently, the chance for a high scoring random match will be
elevated. Similar to the increased average score of decoy hits

Table 1. Analysis of 30 Synthetic Phosphopeptides

ETD HCD EThcD

#PSM 216 237 248
# unique peptides 21/30 22/30 24/30
average Xcorr 1.5 1.9 2.5
% PSM with correctly localized phosphosite
(SEQUEST)

79% 78% 95%

# phosphosites with phosphoRS site
probability >99%

478 410 423

% phosphosites with phosphoRS site
probability >99%

96% 95% 97%

Table 2. LC−MS/MS Analysis of Ti4+-IMAC Enriched
Tryptic Phosphopeptides Originating from a Cellular Lysate
using ETD, HCD and EThcD

ETD HCD EThcD

#PSM 2266 4282 3679
ID success rate 25% 51% 44%
average Xcorr 1.9 2.5 3.2
% average peptide sequence coverage 83% 81% 92%
# phospho-PSM 2217 4179 3594
# phospho-sites >99% pRS probability 2002 4291 3942
% phospho-sites >99% pRS probability 81% 89% 95%
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also the true hits are likely to provide on average higher scores.
Depending on whether the distance between the two score
distributions decreases or increases, the identification success
rate will be higher or lower. Since the ID success rate is slightly
lower for EThcD compared to HCD alone, the negative effect
of higher-scoring random matches might be more pronounced.
Thus, higher score cut-offs need to be applied in order to reach
the desired FDR. A standard target-decoy approach36 against a
reversed concatenated database revealed the FDR for EThcD
(2.6%) being almost twice as high compared to HCD (1.4%),
which provides further evidence for this hypothesis.
Next, we calculated the average peptide sequence coverage

for all PSM. As expected, EThcD provided a substantial
increase in sequence coverage (92%) compared to HCD (81%)
and ETD (83%). Obtaining near-complete peptide sequence
coverage tremendously simplifies phosphosite localization. We
used the extended phosphoRS algorithm to validate our
assumption. Remarkably, EThcD provided for 95% of all
phosphosites a confident site localization probability of >99%.
In the HCD data set we found that 89% of all phosphosites
were assigned with a confident site localization probability
>99%, while this was only 81% for ETD data set. We
recalculated these number for all peptides that contain >2
residues that can be phosphorylated because singly phosphory-
lated peptides with only one potential phosphorylation site

could bias the results toward HCD. Of all phosphosites from
this subset of peptides 97% (ETcaD), 93% (EThcD) and 87%
(HCD), respectively, were assigned a localization probability
>99%.
For multiply phosphorylated peptides site localization

becomes more challenging. Figure 1 shows an MS/MS
spectrum of a doubly phosphorylated peptide upon EThcD
fragmentation. The overall sequence coverage is 89% taking b/
y- and c/z-ions into account. Six out of 18 amino acid bond
cleavages are represented by c- and b-ions (referred to as
“golden pairs”37). Additionally, we observed 11 z/y-ion pairs,
which strengthens the argument that EThcD provides extensive
sequence information that facilitates pinpointing the correct
phosphorylation site. More than 95% of the phosphosites from
all doubly phosphorylated peptides were assigned with a site
localization probability >99%, highlighting that EThcD
performs equally well with singly and doubly phosphorylated
peptides. A known limitation of ETD is its inability to cleave
the N−Cα bond N-terminal to proline.38,39 This can hamper
phosphosite localization for proline-rich peptides. Generation
of dual ion series in EThcD can overcome this issue. Figure 2
shows the EThcD spectrum of a singly phosphorylated peptide
that contains four serine residues. The c- and z-ions derived
from the ETD step cover only the N-terminal part of the
peptide and the site probability is only 50%. The additional y-

Figure 1. EThcD MS/MS spectrum of a doubly phosphorylated peptide. RGTGQSDDSDIWDDTALIK is doubly phosphorylated and contains in
total four potential phosphorylation sites. EThcD generates dual ion series that enable phosphorylation site localization with very high confidence
(phosphoRS site probabilities: T(3), 0.0%; S(6), 100.0%; S(9), 100.0%; T(15), 0.0%). SEQUEST Xcorr 7.79.

Figure 2. EThcD spectrum of a proline-containing phosphopeptide. This EThcD spectrum of a doubly charged peptide that contains four serine
residues, one of which is phosphorylated. ETD does not cleave the N−Cα bond N-terminal to proline and the phosphorylation site probability is
only 50% based on c- and z-ions alone. Dual fragmentation by EThcD generates complementary sequence information from c/z- and b/y-ions
(SEQUEST Xcorr 4.10). Here, the exact phosphosite is revealed by y-ions that cover the corresponding phosphosite (phosphoRS site probabilitis:
S(1): 0.0; S(3): 0.0; S(8): 99.5; S(10): 0.5). SEQUEST Xcorr 4.10.
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ions derived from the subsequent HCD activation provide
supporting sequence information and cover also the two serine
residues next to the prolines which enables unambiguous
phosphosite localization.

■ CONCLUSIONS
Here we have evaluated the potential of EThcD in improving
the analysis of phosphopeptides. Our data highlights the benefit
of dual ion series as generated by EThcD fragmentation. We
observed for a defined phosphopeptide mixture average higher
SEQUEST Xcorr values, higher peptide sequence coverage and
more confident phosphosite localization in EThcD compared
to ETD and HCD. This finding was confirmed when we
analyzed a complex phosphopeptide sample resulting from a
Ti4+-IMAC enrichment of peptides from a cellular lysate. This
is in line with recent reports that showed that confidence in
phosphorylation site localization increases when multiple
separately acquired MS/MS spectra (e.g., ETD/CID or
MSA/ETD) are combined for scoring.25,26 For this larger
data set, we observed that the identification success rate was
slightly lower for EThcD compared to HCD. This can be
attributed to the use of conventional database search engines
that are not optimized for spectra that contain dual ion series.40

However, the fact that both peptide sequence coverage and the
percentage of localized phosphosites are higher for EThcD than
for HCD suggests that once a peptide was identified, further
analyses such as site localization benefit from the more data-
rich EThcD spectra. In EThcD often c/b- and z/y-ion pairs are
observed that increase the confidence in a particular peptide
backbone cleavage.41 We speculate that the identification
success rate of EThcD for phosphopeptides can be improved
by novel or optimized data analysis tools. Finally, we reason
that EThcD can also be beneficial and used to improve the
localization of other post-translational modifications such as
ubiquitination, glycosylation or acetylation.
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5. Results and Interpretation 27

5.2 Accurate FLR Estimation in Phospho-
Proteomics

Especially in case of high-throughput localization of phosphorylation sites it
is important to estimate the fraction of false positive assignments. Until now,
there exists now commonly accepted approach for this task. In the following
a study is presented that introduces accurate FLR estimation based on frag-
ment ion offsetting. The appended manuscript is planned to be published in
a peer-reviewed scientific journal.
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Post-translational modifications, such as phosphorylation, play a key role in a variety of 1 

important cellular processes.  In-depth characterization of phosphorylated peptides and 2 

proteins, including assignment of the exact site of modification, is therefore of great 3 

importance for the biological questions addressed. Based on tandem mass spectrometry 4 

data phosphorylation sites can be localized in high-throughput deploying dedicated 5 

computational methods. These algorithms assess the most probable assignments and 6 

provide scores estimating the confidence of reported results. In most cases, site 7 

localization tools have been validated on a limited set of chemically synthesized phospho-8 

peptides. Nevertheless, they are commonly applied to complex biological samples 9 

comprising potentially a significantly different population of phospho-peptides. Until now 10 

there exists no generally accepted approach for estimating accurately so called false 11 

localization rates (FLR), although two methods have been suggested recently. Here we 12 

present a strategy for FLR estimation that is based on fragment ion offsetting. In order 13 

to rigorously validate the method we generated chemically synthesized phospho-peptide 14 

libraries comprising almost 60,000 distinct species. In total, more than 700,000 highly 15 

confident PSMs of different fragmentation techniques were acquired that can serve as a 16 

valuable resource for a broad range of applications.  Obtained results suggest that 17 

fragment ion offsetting enables accurate estimation of FLR even if challenged with low 18 

quality MS/MS spectra. 19 

KEYWORDS: mass spectrometry, protein phosphorylation, tandem mass spectrometry, false 20 

localization rate. 21 

 22 

  23 
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Introduction  1 

The complex and dynamic biochemical machinery, which enables both reaction to external 2 

stimuli and adaptation to environmental changes, constitutes an essential feature of all living 3 

organisms. Post-translational modifications (PTMs) form extensively interconnected 4 

regulatory circuits1 and allow rapid molecular dynamics by modulating activity, stability, 5 

spatial localization and complex formation of proteins2. The actual sites bearing the 6 

modification can be of crucial importance for the biological function conducted3. Reversible 7 

protein phosphorylation, probably the most ubiquitous PTM, is controlled by a finely 8 

coordinated network of kinases and phosphatases, and aberrant phosphorylation can be a cause 9 

or consequence of diseases such as cancer4,5. Hence, systematic analysis of this widespread 10 

PTM is of major importance. 11 

Mass spectrometry (MS) enables unbiased protein characterization6 and has evolved from a 12 

method capable of identifying a limited number of proteins to a high-throughput technology 13 

enabling the assessment of whole proteomes, including that of human7. Nowadays, MS is the 14 

method of choice for protein characterization, including the analysis of PTMs, such as 15 

phosphorylation8,9. Typically, proteins are digested with specific proteases and resulting 16 

proteolytic peptides are separated with nano-flow high performance liquid chromatography 17 

(LC) online coupled via electrospray ionization10 to tandem mass spectrometry (MS/MS). 18 

Acquired spectral data is then analyzed computationally by a series of sophisticated 19 

algorithms aiming at identification11–16, quantification17–19 and characterization of peptides and 20 

proteins, including the detection of their interaction partners20 and localization of PTMs21–24. 21 

Nevertheless, such in silico tasks are challenging and occasionally error-prone exercises, owing 22 

for example to noisy data, high sample complexity giving rise to chimeric MS/MS spectra25,26, 23 

low-quality MS2 scans lacking sufficient sequence information or the correct interpretation of 24 

a spectrum might not have been considered during the analysis. Regarding that for instance 25 
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extensively applied protein database search engines generate peptide to spectrum matches 1 

(PSMs) for almost all input MS/MS scans, given that there is at least one peptide candidate that 2 

meets predefined requirements, it is indispensable to sort out incorrect identifications27. For 3 

this task, constant score thresholds had been applied to a variety of significantly different 4 

datasets, until the claim was raised that advanced statistical considerations are required, in order 5 

to ensure quality of reported results28. It can be assumed that the situation is quite similar for 6 

PTM localization, since most of the commonly used tools were validated on a limited set of 7 

chemically synthesized phospho-peptides and the cutoff values derived from this validation 8 

phase are now widely applied to datasets that might comprise a substantially different 9 

population of phospho-peptides. 10 

Regarding peptide and protein identification, two major categories of approaches have been 11 

introduced that enable the estimation of false positive matches, also referred to as false 12 

discovery rate (FDR). In what is termed an empirical Bayes approach29, the observed score 13 

distribution is approximated by a mixture model of two distributions that are assumed to 14 

represent correct and incorrect PSMs in order to estimate the FDR of matches exceeding a 15 

certain score30. The alternative strategy is termed target-decoy approach31,32. In brief, PSMs are 16 

searched against a set of potentially correct peptides (target) and entrapment sequences (decoy), 17 

which are a priori known to be incorrect. If decoy peptides are generated in an appropriate 18 

way, then the FDR of identified PSMs can be assessed by the ratio of decoy and target hits 19 

above a specified score threshold33. In case of phospho-site assignment, the so called false 20 

localization rate (FLR) could in principle also be estimated by a target-decoy-based approach. 21 

However, generation of adequate decoy sites poses a major challenge, since the target-decoy 22 

approach requires that random matches are equally likely to originate from either the target or 23 

decoy set. Considering additionally entrapment amino acids, such as glutamic acid or proline34, 24 

as potential targets of phosphorylation distorts observed S, T and Y patterns, which in turn 25 
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affects site localization. This can be addressed to changes regarding the number of and distance 1 

between putatively phosphorylated amino acids within a peptide sequence. The described 2 

effect might be even more pronounced if all but S, T and Y amino acids35 are considered as 3 

decoy sites. Thus, we believe that addition of entrapment amino acids might be 4 

disadvantageous and aimed at developing another approach to generate decoy sites. 5 

Here we present a method for accurate estimation of the FLR, which is based on fragment 6 

ion offsetting. The unique feature of this novel approach is that intrinsically both the patterns 7 

of and distances between phosphorylation targets are maintained, allowing random (incorrect) 8 

assignments to originate equally likely from either the target or decoy set. In order to rigorously 9 

validate our method, we designed chemically synthesized peptide libraries36 and subjected 10 

them to LC-MS/MS analysis applying collision induced dissociation (CID), electron transfer 11 

dissociation (ETD)37, higher energy collisional dissociation (HCD)38 and the recently 12 

introduced electron transfer/higher energy collisional dissociation (EThcD)39, which has been 13 

suggested to have favorable figures of merit especially in case of labile PTMs, such as 14 

phosphorylation40. Obtained results indicate that using fragment ion offsetting the FLR can be 15 

estimated accurately, even when challenged by the analysis of low quality MS/MS spectra. 16 

Further, the acquired set of in total roughly 730,000 highly confident (1% FDR) PSMs from 17 

synthetic phospho-peptides constitute a valuable resource for a variety of versatile applications.  18 

 19 

Materials and Methods  20 

Sample Preparation. Phosphorylated peptides were chemically synthesized applying solid-21 

phase Fmoc-chemistry (Novabiochem) using a Syro instrument (MultiSynTech). Starting from 22 

the C-terminus, single amino acids were sequentially concatenated, except at permutation 23 

positions, where an equimolar mixture of 18 amino acids was added, in order to create a variety 24 

of distinct phosphorylated peptides in a single synthesis run. Based on 188 seed peptides with 25 
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two permutation positions each, this strategy gave rise to theoretically 59,688 individual 1 

phospho-peptides. For subsequent LC-MS/MS analysis, phospho-peptides were dissolved first 2 

in an aqueous solution containing 30% acetonitrile (ACN) and diluted to a concentration of 2 3 

pmol/mL in 0.1% trifluoroacetic acid (TFA), assuming a yield of 2 μmol. Finally, peptide 4 

libraries were combined into mixes of 5 by randomly choosing from distinct peptide length 5 

bins, enhancing retention time distribution of eluting analytes. It was required that phospho-6 

site isomers were distributed to distinct mixes.  7 

LC-MS/MS analysis. Peptide library mixtures were subjected to nano-HPLC-MS/MS 8 

analysis, deploying an UltiMate 3000 RSLCnano system (Dionex Thermo Fisher) online 9 

coupled to an LTQ Orbitrap Velos/VelosPro ETD (Thermo Fisher Scientific). Separation of 10 

peptides was carried out on a C18 column (Acclaim PepMap 100, nanoViper, 50 cm x 75 μm, 11 

2 μm, 100 Å, Dionex Thermo Fisher) using the following solvent system: A: 0.1% TFA and 12 

B: 80% ACN, 0.08% TFA. Synthetic phospho-peptides were separated using a 120 min 13 

gradient from 2% to 35% B, followed by a 5 min gradient to 90% B. 14 

MS 1 survey scans were performed in the orbitrap mass analyzer, recording a window 15 

between 300 and 1800 m/z at a resolution of 60,000 with the automatic gain control (AGC) set 16 

to 106 and a maximal injection time of 500 ms. For both MS and MS/MS acquisition one 17 

microscan was recorded and internal recalibration of mass spectra was performed by enabling 18 

the lock mass option based on polydimethylcyclosiloxane ions (protonated (Si(CH3)2O)6; 19 

445.120025 m/z). Tandem MS was performed in a data-dependent fashion, selecting the three 20 

most abundant precursor ions for CID, ETD, HCD and EThcD. Acquisition of CID and ETD 21 

spectra in the linear ion trap was performed with an AGC target value of 10,000 and a maximal 22 

ion inject time of 200 ms. For CID a normalized collision energy (NCE) of 35%, a Q value of 23 

0.25 and an activation time of 10 ms was used. ETD was performed with fluoranthene as 24 

electron donor, applying supplemental activation and using a precursor charge state-dependent 25 
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reaction time with 2+ as default charge state and 90 ms corresponding activation time. Both 1 

HCD and EThcD spectra were acquired in the orbitrap mass analyzer with an AGC target value 2 

of 200,000 and a maximal ion inject time of 250 ms. The NCE was set to 28% and 27% for 3 

HCD and EThcD, respectively. For acquisition of low quality spectra, AGC target values were 4 

set to 100 and 20,000 for ion trap and orbitrap readout, respectively. 5 

Data analysis. Recorded MS/MS spectra were analyzed using Proteome Discoverer 6 

(v.1.4.0.288, Thermo Fisher Scientific) applying Mascot (v.2.2.07, Matrix Science) for peptide 7 

identification. All searches were performed against an in-house generated database comprising 8 

all human and Bacillus subtilis entries from SwissProt (release November 2012) and synthetic 9 

phospho-peptides as individual sequence entries. Subsequently, SequenceReverser.exe 10 

(v.1.0.13.13, Max Planck Institute of Biochemistry)18 was deployed to generate a concatenated 11 

forward/reverse database, including a list of common contaminants. For all searches, a 12 

precursor ion mass tolerance of 10 ppm was specified, allowing up to four missed cleavage 13 

sites for trypsin. In case of CID and ETD, the fragment ion mass tolerance was set to 0.5 Da, 14 

whereas for HCD and EThcD it was limited to 0.02 Da. Phosphorylation of serine, threonine 15 

and tyrosine, as well as oxidation of methionine were specified as variable modifications. All 16 

peptide to spectrum matches (PSMs) being a rank one identification with a minimal peptide 17 

length of 7 amino acids were filtered to a false discovery rate (FDR) of 1% applying the 18 

target/decoy approach33. Further, peptides were required to correspond to any of the phospho-19 

peptides of the generated synthetic libraries. 20 

For calculation of site probabilities and subsequent FLR estimation an in-house version of 21 

phosphoRS24 was used. In brief, based on estimating the likelihood that the observed match 22 

between a positional phospho-isoform and the respective MS/MS spectrum has occurred just 23 

by chance, phosphoRS aims at deriving individual site probability values for each putative 24 

phosphorylation site. In order to model the frequency of incorrect site localizations for a 25 
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phospho-proteomic dataset, target and decoy sites, which are generated by offsetting the 1 

theoretical m/z values of site determining fragment ions, are analyzed together. Finally, the 2 

FLR of obtained site assignments can be estimated by dividing decoy by target sites that both 3 

exceed a specified site probability threshold. All downstream calculations of obtained 4 

phosphoRS output were performed using R programming language (v.2.15.1., R Foundation 5 

for Statistical Computing, www.R-project.org).  6 

 7 

Results and discussion  8 

The ability to estimate accurately the FLR of reported phosphorylation site assignments is of 9 

utmost importance in order to provide a solid basis for continuative biological studies. To the 10 

best of our knowledge, there exists still no generally accepted approach for this task, although 11 

two methods have been suggested recently34,35. Aiming at filling this gap, we developed a novel 12 

approach based on fragment ion offsetting that enables estimation of the global FLR, given a 13 

set of peptide sequences identified at a specified FDR. This method should allow accurate 14 

assessment of the FLR for MS/MS data generated with different fragmentation regimes, such 15 

as CID, ETD, HCD and EThcD, and it should be applicable for variable mass accuracy. 16 

Fragment ion offsetting basis on generating entrapment sites and analyzing them with a 17 

custom version of phosphoRS together with putatively correct (target) ones (Figure 1). Given 18 

a phospho-PSM, the software analyzes first the target sites as described previously24. In a next 19 

step, site determining ions that discriminate between the positional isoforms are identified and 20 

for each isoform those theoretical fragment ions are shifted, which distinguish it from the rank 21 

one isoform. In case of the top scoring isoform itself, m/z values of theoretical fragment ions 22 

that distinguish it from the rank two hit are offset. Decoy sites generated in this manner are 23 

then scored and individual localization probabilities are assessed. After comparing the highest-24 

ranking target and decoy isoforms in terms of peptide score, the phosphoRS site assignment of 25 
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the superior, originating from either the target (Figure 1A) or decoy (Figure 1B) set, is returned. 1 

For each PSM a different m/z offset is selected randomly from the set of applicable ones. 2 

This way, decoy localizations can only occur by chance and, owing to the preserved S, T and 3 

Y patterns and the competition between target and decoy sites, random assignments should be 4 

distributed equally between target and decoy sites. The FLR of obtained sites exceeding a 5 

certain site probability threshold is finally estimated by dividing the number of decoy sites by 6 

the number of target sites (Figure 1C). 7 

Notably, this approach is intrinsically limited to modelling random site assignments, whereas 8 

systematic localization errors cannot be estimated. Such systematic mistakes can be addressed 9 

for example to the ambiguity between a phosphorylated fragment ion after neutral loss of 10 

phosphoric acid (+80 Da – 98 Da = –18 Da) and the non-phosphorylated homolog after neutral 11 

loss of water (-18 Da). Thus, the custom version of phosphoRS used in this study was modified 12 

not to score such neutral loss fragments ions. 13 

Synthetic phospho-peptide dataset In order to evaluate our approach, we aimed at 14 

designing and chemically synthesizing phospho-peptide libraries with known phosphorylation 15 

sites. The generated dataset should comprise a large collection of distinct phospho-peptides 16 

that are representative for other phospho-proteomic studies in terms of S, T and Y frequencies, 17 

number of phosphorylation sites per peptide, observed missed cleavage sites of trypsin and 18 

peptide length distribution. Therefore, we selected randomly 188 phospho-peptides from a 19 

previous study23 and used them as seeds for generation of peptide libraries (Figure 2A). For 20 

each seed peptide we introduced two sequence positions that were permutated with 18 different 21 

amino acids. These permutation sites were positioned preferably in between S, T and Y 22 

residues so that they can have most effect on fragmentation behavior at site determining 23 

sequence positions, thereby generating a more diverse dataset. Taken together, the resulting 24 
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libraries comprise a total of 59,688 distinct phospho-peptides, which were subjected to LC-1 

MS/MS analysis applying CID, ETD, HCD and EThcD.  2 

After analysis of in total 745,852 recorded MS/MS scans we could identify 419,668 PSMs 3 

at 1% FDR on PSM-level, comprising 92,361 CID-type PSMs, 107,170 ETD-type PSMs, 4 

109,635 HCD-type PSMs and 110,502 EThcD-type PSMs (Figure 2B). The identified PSMs 5 

correspond to 41,316 distinct phospho-peptides for CID, 44,782 with ETD, 45,322 with HCD 6 

and 46,461 with EThcD (Figure 2C). Notably, these numbers are not intended as a comparison 7 

between the applied fragmentation techniques but should rather show the dimension of the 8 

acquired phospho-peptide dataset. To the best of our knowledge, this set represents the largest 9 

MS/MS collection of chemically synthesized phospho-peptides identified at 1% FDR.  10 

In order to illustrate the diversity of the acquired dataset, we compared identified library 11 

seeds to phospho-peptides obtained from titanium dioxide enrichment of a HeLa whole cell 12 

lysate24, with respect to peptide mass and hydrophobicity estimated by the Gravy score (Figure 13 

2C). It could be shown, that identified seed phospho-peptides span over a comparable range as 14 

those of HeLa. This indicates that the acquired dataset is of similar diversity as complex 15 

biological samples.  16 

Applicable m/z offset values For FLR estimation, decoy sites are generated by offsetting 17 

theoretical masses of site determining ions along the m/z axis. The actual values, by which 18 

fragments are shifted, need to be assessed specifically due to the following reasons. Using an 19 

offset that is equal to for example the neutral loss of water or  the addition of a phosphoryl 20 

group would result in overestimation of incorrect assignments, because shifted site determining 21 

ions will erroneously be match to systematically observed fragment ions. Further, especially in 22 

the case of high mass accuracy MS/MS data, the distribution of peaks along the m/z axis is not 23 

continuous, owing to the discrete masses of the analytes’ elementary building blocks. As a 24 

consequence, there exist distances between peaks that are hardly ever observed. Using such an 25 
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m/z value as offset for site determining ions, would result in underestimation of false positive 1 

site assignments. 2 

In order to evaluate, which m/z shifts are applicable and which ones are not, we investigated 3 

the average surrounding of correct and incorrect site determining ions by applied the following 4 

procedure. For every confidently identified PSM all correct site determining ions are identified 5 

and for each of those an artificial spectrum is created by aligning the fragment ion to zero m/z 6 

(Figure 3A). Resulting shifted spectra were combined to one collection of peaks for each 7 

fragmentation technique separately and signal abundances were summed up using a sliding 8 

window corresponding to the fragment ion mass accuracy of the deployed mass analyzer 9 

(Figure 3B). For CID and ETD spectra, acquired in the linear ion trap, a window of 1 m/z was 10 

used, whereas for HCD and EThcD, both recorded in the orbitrap, 0.04 m/z were specified. 11 

The same procedure was applied using incorrect site determining ions (Figure 3C). Resulting 12 

spectra are hereinafter referred to as m/z distance spectra. 13 

Appropriate m/z offsets were required to provide an average abundance similar to that of 14 

incorrect site determining ions, which are centered around zero in the m/z distance spectrum 15 

of incorrect site determining ions. Further, average intensities were requested to be comparable 16 

between the m/z distance spectra of correct and incorrect site determining ions. The absolute 17 

value of applicable m/z shifts was restricted to 100 and for comparison of average abundance 18 

a tolerance of ±25% was used. In total 14,086 m/z offsets at a step width of 0.01 m/z were 19 

decided to be applicable for generation of decoy sites using CID and 13,307 for ETD. In case 20 

of HCD and EThcD using a step width of 0.001 m/z 13,683 and 8,863 shifts were selected, 21 

respectively.  22 

Accuracy of FLR estimation Next, we evaluated how well estimated and actual FLR 23 

correspond to each other for the individual fragmentation techniques applied. Based on the 24 

knowledge of the correct phosphorylation sites within the synthetic peptides, the actual FLR 25 
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could be determined for a given site probability threshold. Similarly, FLR estimates could be 1 

assessed by considering the quantity of decoy assignments exceeding varying site probability 2 

cutoffs. The comparison of estimated and actual FLR is illustrated (Figure 4). Despite minor 3 

deviations from identity, obtained results suggest that applying the fragment ion offsetting 4 

strategy the FLR can be estimated with reasonable accuracy over the entire range for CID, 5 

ETD, HCD and EThcD. 6 

In order to rigorously validate the approach, we extended the comparison of estimated and 7 

actual FLR to a dataset comprising low quality MS/MS scans, which are expected to render 8 

site localization substantially difficult. Overall identification rates dropped from 56% to 34%, 9 

indicating that altered instrumental conditions indeed influenced spectral quality significantly. 10 

In total, 305,580 PSMs could be identified at 1% FDR. Still, results suggest that the FLR can 11 

be estimated accurately for all activation types applied, when using the fragment ion offsetting 12 

method (Figure 5). 13 

 14 

Conclusions 15 

The ability to ensure high quality of reported phospho-sites or, generally speaking, PTM 16 

assignments becomes increasingly important, since the scope of current proteomics studies has 17 

expanded to assess the complexity of whole proteomes. However, to the best of our knowledge, 18 

there exists no commonly used approach that would enable accurate estimation of the FLR, 19 

although two methods have been suggested recently34,35. In this study we presented a strategy, 20 

which allows to assess the global FLR for a given dataset by offsetting theoretical m/z values 21 

of site determining ions. In this way, STY patterns and respective frequencies are maintained, 22 

whereby random assignments are equally likely to occur among target or decoy sites, an 23 

essential requirement for target-decoy analysis. This distinguishes our approach from existing 24 

ones. Based on the presented results it can be assumed that fragment ion offsetting-based FLR 25 
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estimation provides reasonable accuracy for all fragmentation techniques under investigation. 1 

The development of such a method could have an impact on the scientific community 2 

comparable to that of the target-decoy approach for peptide and protein identification. The 3 

latter has been used extensively for benchmarking advancements in sample preparation, 4 

instrumentation and computational data analysis. Similarly, accurate FLR estimation enabled 5 

by offsetting site determining fragment ions could provide the basis for subsequent 6 

experimental and computational developments in PTM analysis. 7 

Further, we acquired an extensive set of high confident PSMs from newly generated synthetic 8 

phospho-peptide libraries. It was designed to be representative of other phospho-proteomics 9 

studies and to contain spectra acquired with a variety of fragmentation techniques, such as CID, 10 

ETD, HCD and recently introduced EThcD. The data can serve as valuable resource for 11 

versatile applications, including study of phospho-peptides’ fragmentation behavior, retention 12 

time prediction, alternative identification and characterization algorithms and other 13 

downstream computational tasks.  14 

Taken together, our FLR estimation strategy and synthetic phospho-peptide dataset can aid 15 

experimental as well as computational improvements and developments, thereby advancing the 16 

proteomics toolbox further. 17 
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FIGURE CAPTIONS  1 

 2 

Figure 1. Description of FLR estimation approach. For each PSM, potentially correct (target) 3 

sites are analyzed in parallel to respective entrapments sites. Decoy sites are generated by 4 

offsetting m/z values of site determining fragment ions, whereby site assignments will only be 5 

observed by chance. After comparing target and decoy site assignments, the best result for each 6 

PSM, which might be either (A) target or (B) decoy, is chosen on the basis of isoform score 7 

and site probability. (C) Assuming that incorrect localizations are equally likely to originate 8 

from either the target or entrapment set, the FLR can be estimated by the ratio between number 9 

of decoy and target sites above a specified site probability threshold. 10 

 11 
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 1 

Figure 2. Synthetic phospho-peptide dataset. (A) In total, 188 seed peptides that are 2 

representative for other phospho-proteomic studies23 were selected in order to generate 3 

synthetic phospho-peptide libraries. Within every seed peptide two sites, permutated with 18 4 

amino acids each, were randomly positioned, giving rise to 59,688 distinct phospho-peptides. 5 

The numbers of identified (B) PSMs and (C) peptides at 1% FDR are illustrated for CID (red), 6 

ETD (blue), HCD (green) and EThcD (yellow). (D) Further, the range in terms of peptide mass 7 

and hydrophobicity, estimated by Gravy score, which is covered by identified library seeds 8 

(red) and HeLa whole cell lysate after titanium dioxide enrichment of phospho-peptides24 9 

(black) is compared. 10 

 11 
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 1 

Figure 3. Determination of applicable fragment ion offsets. (A) Site determining ions for each 2 

confident PSMs are identified and for each of those a new spectrum is created in silico by 3 

subtracting the fragment’s m/z value from all peaks. Obtained peak lists are combined for each 4 

fragmentation technique individually and signal abundances are summed up using a sliding 5 

window that corresponds to the respective fragment ion mass tolerance. Performing this 6 

procedure with either (B) true or (C) false site determining gives rise to the respective m/z 7 

distance spectra, shown here exemplarily for CID with ±0.5 m/z tolerance. Applicable (green) 8 

and non-applicable (red) offsets can subsequently be determined by comparing both m/z 9 

distance spectra. Additionally, summed up abundances are shown using a 100-fold narrower 10 

window (black). 11 
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 1 

Figure 4. Accuracy of FLR estimation. Actual FLR, determined on the basis of known sites 2 

within synthetic phospho-peptides, is compared to the estimated one for (A) CID, (B) ETD, 3 

(C) HCD and (D) EThcD. Mean values (dark green) and 95% confidence intervals (light green), 4 

both approximated by bootstrapping, are illustrated. 5 

 6 
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 1 

Figure 5. Effect of low spectral quality on accuracy of FLR estimation. After decreasing 2 

dramatically AGC target values for linear ion trap and orbitrap acquisition, actual and estimated 3 

FLR are compared for the different fragmentation techniques, (A) CID, (B) ETD, (C) HCD 4 

and (D) EThcD. Mean values (dark green) and 95% confidence intervals (light green), both 5 

approximated by bootstrapping, are illustrated. 6 

 7 
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Chapter 6

Conclusion and Perspective

Protein phosphorylation, a widespread PTM, plays a key role in numerous
important cellular processes and can be related to disseases, such as cancer.
The ability to characterize phosphorylated peptides and proteins, especially
in terms of modification assignments, is of utmost importance for the bio-
logical questions addressed. A variety of software solutions have been intro-
duced that enable large scale phospho-site assignment based on large-scale
tandem mass spectrometry data. Confident and sensitive site localization
requires sufficient sequence coverage of measured fragment ions. In this re-
gard, phosphoRS, one of the most popular phospho-site asignment tools, has
been extended for the analysis of EThcD spectra that allow enhanced pep-
tide sequence analysis (see section 5.1). The results suggest that applying
EThcD more high confident site localizationes are obtained, when compared
to existing fragmentation techniques. Further, it is reasoned that this novel
dissociation method might also improve assignment of other PTMs.

Site localization tools are applied broadly to complex biological samples,
although they were validated with a limited set of chemically synthesized
peptides. Until today, there exists no generally accepted approach for accu-
rate estimation of false localization rates, even though it is essential in order
to guarantee quality of reported results, which form the basis for continuative
biological studies. A novel approach is presented, which is based on fragment
ion offsetting, that enables accurate FLR estimation (see section 5.2). The
method has been validated on the basis of more than 700,000 high confi-
dent PSMs originating from roughly 60,000 distinct chemically synthesized
phospho-peptides. The dataset provides MS/MS spectra acquired with com-

51
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monly used fragmentation techniques, such as CID, ETD, HCD and EThcD,
applying different instrumental settings. Owing to the size and diversity of
this PSM collection, it can serve as a valuable resource for a variety of versa-
tile applications, including the analysis of fragmentation patterns, retention
time prediction and development of novel identification and characterization
algorithms for phospho-peptides.

It can be envisioned that fragment ion offsetting could also be applicable
for assignment of other PTMs but phosphorylation, although re-evaluation
especially regarding applicable m/z offsets might be required, since they hold
to a large extend PTM-specific information. Furthermore, shifting fragment
ions that distinguish between individual peptide sequences might also be
deployable for peptide and protein identification. It is therefore concluded
that advancements and developments presented in this work will enhance the
methodological and computational toolbox of proteomics and will form the
basis for subsequent improvements of the proteomic technology in general.
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