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Abstract

The Chinese Hamster Ovary cell line is the most widely used cell factory for
biopharmaceutical products and is steadily developed with the objective to
improve product yields. Rational approaches to such engineering measures
require knowledge of fundamental biological processes that ultimately affect
the cell’s properties such as cell growth, differentiation, apoptosis and sig-
nal transduction. The post-translational modification of tyrosine residues by
phosphorylation plays a pivotal role in modulating many such essential cell pro-
cesses and properties. However, the extreme sub-stoichiometric and transient
nature of tyrosine phosphorylation makes proteomic analyses of this modifica-
tion a challenging endeavour that can only be achieved by specific enrichment
of peptides containing phosphotyrosine. This thesis aims to develop and op-
timize a procedure to enable qualitative and quantitative profiling of tyrosine
phosphorylation of proteins involved in industrially relevant phenotypes. The
implications of several aspects of the enrichment procedure were evaluated and
compared both in terms of the number of the identified tyrosine-phosphorylated
proteins as well as the confidence of phosphorylation site inference. The iden-
tified proteins were discussed and put into biological context by analysis of
Gene Ontology terms. This work provides an optimized protocol that achieves
the biologically most relevant information about phosphorylated tyrosine and

gives a perspective on improving the detection of tyrosine phosphorylation.
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Zusammenfassung

Die Chinese Hamster Ovary Zelllinie ist die bedeutendste Zellfabrik fiir bio-
pharmazeutische Produkte und wird laufend weiterentwickelt mit dem Ziel Pro-
duktertrage zu erhohen. Rationale Ansitze zu diesen Entwicklungsmafinah-
men fordern ein umfassendes Wissen iiber fundamentale biologische Prozesse
welche zellularen Eigenschaften wie Zellwachstum, Differenzierung, Apoptose
und Signalverarbeitung zugrunde liegen. Die posttranslationale Modifikation
von Tyrosin-Seitenketten durch Phosphorylierung spielt eine bedeutende Rolle
in der Modulation dieser essenziellen Zellprozesse und -eigenschaften. Die ex-
treme substochiometrische und fliichtige Natur der Tyrosin-Phosphorylierung
macht proteomische Analysen dieser Modifikation zu einem herausfordernden
Unterfangen welches bisher nur durch spezifische Anreicherung von Peptiden
mit Phosphotyrosin gelingt. Ziel der vorliegenden Masterarbeit ist die Entwick-
lung und Optimierung eines Verfahrens zur qualitativen und quantitativen Bes-
timmung von Tyrosin-Phosphorylierung industriell relevanter Proteine. Die
Bedeutung verschiedener Einflussfaktoren des Anreicherungsverfahrens wurde
evaluiert und vergleichend analysiert, sowohl in Bezug auf die Anzahl der iden-
tifizierten phosphorylierten Tyrosin-Seitenketten, also auch in Bezug auf die
Konfidenz der inferierten Phosphorylierung. Die somit identifizierten Proteine
wurden erortert sowie in biologischem Kontext gesetzt durch Analyse der Gen-
Ontologie. Das erarbeitete Protokoll erzielt den biologisch bedeutsamsten In-
formationsgehalt zu phosphoryliertem Tyrosin und verdeutlicht Perspektiven

zur Verbesserung der Detektion von Tyrosin-Phosphorylierung.
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1 Introduction

1.1 Post-translational modifications and protein phosphorylation

Post-translational modifications (PTMs) are reversible chemical modifications of a pro-
tein’s side-chain that add another layer of diversity and possible functionality. Alongside
alternative splicing of RNA, PTMs ultimately extend the proteome of an organism sig-
nificantly. More than 200 different types of these modifications are described [1] with
some of the most known being additions of phosphate, glycosyl or methyl groups to

amino acid residues.

While some PTMs are predominantly constant, like glycosylation, lipidation and
disulifide bridges, others, like phosphorylation or ubiquitination, are more transient
and subject to dynamic processes. The former are often important for correct protein
folding and stability while the latter are involved in intracellular signaling or protein

degradation [1].

PTMs have huge implications in the biotechnology industry. They are one of the main
decision-making factors in the choice of the expression system for a biotechnological
product. Despite their ease of cultivation and high growth rates, bacteria and yeast
expression systems often fall short in terms of the required quality of products produced
by them. More sophisticated compounds, especially if they are intended to be used as
therapeutic proteins in human medicine, require human-like PTMs that often only
mammalian cell factories can provide [2, B]. Another way in which PTMs influence
biotechnological processes is by regulating essential cell functions and properties like

growth and signal transduction which ultimately affect product yields.

1.1.1 Phosphorylation

Phosphorylation of serine, threonine and tyrosine residues is by far the most abundant
PTM [, [5]. Protein kinases, enzymes dedciated to phosphorylation, are amongst the
biggest protein superfamilies with over 500 members in both the human and mouse
kinome for example [0l [7]. Phosphorylation is a highly dynamic PTM that drives

the intracellular signal transduction cascades which connects cell surface receptors to
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resulting phenotypes [§].

Phosphorylation regulates essential processes within eukaryotic cells. The most fre-
quently reported process which is regulated by this PTM is transcription, followed by
cell growth, cell cycle control and apoptosis. Functionally, phosphorylation most fre-
quently modulates the molecular association of proteins, the activity of an enzyme or

the intracellular localization [9].

The frequency of the three types of eukaryotic phosphorylation are not uniformly
distributed. In vertebrates, tyrosine phosphorylation accounts for only about 0.05% of

all phosphorylations; phosphoserine ~ 90 % and phosphothreonine ~ 10 % [10].

1.1.2 Phosphotyrosine

Despite the occurrence of phosphorylated tyrosine residues in substochiometric amounts
compared to other phosphorylations, the fraction of tyrosine kinases is much higher,
representing 10-15% of all protein kinases [I1]. The low abundance also accounts for
the late discovery of phosphorylation of tyrosine residues around 40 years ago, the last
phosphorylation to be discovered [12], [13]. The chemical structure of phosphotyrosine

can be seen in Figure [1]

Several reasons are described for this low abundance. First, tyrosine kinases are very
tightly regulated and only activated in specific circumstances. Second, phosphotyrosines
are very short-lived due to the high activity of phosphotyrosine phosphatases [I4]. That
is, unless they are protected, they are bound to a phosphotyrosine-binding (PTB) or
Src-homology 2 (SH2) domain.

One major example of implications of tyrosine phosphorylation in intracellular pro-
cesses are Receptor Tyrosine Kinases (RTKs), a large family of tyrosine kinases involved
in cell signaling cascades. Almost a third of the whole known tyrosine kinome in humans
are RTKs [15]. 20 subfamilies, of which mostly the extracellular receptor domains differ,
are known. The intracellular tyrosine kinase domains are highly conserved throughout

evolution which emphasises their essential role in cell signaling [16].

Apart from transmembrane RTKs, many non-receptor tyrosine kinases are involved in

signaling as well. The well described kinase families of Src, Jak and Fak are associated
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Figure 1: Chemical structure of phosphorylated tyrosine.
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with membrane-spanning receptors which, by themselves, lack the ability to pass the

signal on [10].

A thorough analysis of a cell’s phosphotyrosine proteome can give extensive insight
into fundamental cell processes that ultimately help to better understand and improve

engineering measures.

1.2 Chinese Hamster Ovary cells

The biopharmaceutical industry requires cell factories that produce safe and correctly
functional products. Due to their human-like PTMs, which assure the aforementioned
criteria, mammalian cell lines are used for the production of most recombinant pro-
tein therapeutics. Chinese Hamster Ovary (CHO) cells are the primary work horse in
this category with over 70 % of therapeutic proteins in the global market produced by
them [17].

Initially, CHO cells were taken from a biopsy specimen of an inbred female Chinese
hamster in 1957 for studies of their karyotype [I8]. Their extensive use for the produc-
tion of recombinant proteins began in the early 1980s with the first stable transfection
of mammalian cells. Dihydrofolate reductase (DHFR) deficient strains of CHO cells
were amongst the first to be transfected with these novel methods [19] 20, 2I]. The
first recombinant therapeutic protein approved for medical use in 1987 was produced

by CHO cells [22].
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The deficiency in DHFR activity enables the stable transfection with an expres-
sion vector that carries the gene of interest (GOI) as well as the necessary dhfr gene.
Transfected cells can be grown under selective conditions. Subsequently, several re-
sulting candidate cell lines are evaluated and subjected to further selective processes
to obtain the most favorable phenotype in terms of growth and productivity. Alter-
natively to DHFR, glutamine synthetase (GS) can also be used as a selection marker
in this process [22]. Furthermore, the addition of methotrexate (MTX) or methionine
sulphoximide (MSX) to selection media for blocking DHFR or GS activity, respectively,

increases the selective pressure towards strains with higher productivity [23].

1.2.1 Cell engineering and bioprocessing

Large-scale single cell suspension cultures in stirred-tank bioreactors, adapted from the
cultivation of bacteria, were the first form of bioprocessing with these cell factories [24].
A variety of engineering measures to emphasize advantageous properties of cell lines
as well as improvements in bioprocessing have led to drastic increases of productivity.
While in the late 1980s, a batch run lasted for 7 days with a maximum cell density
of 1-2 million cellsml™* and a volumetric productivity of 50-100 mg L=!, todays fed-
batch processes last 21 days with a density of 10-15 million cellsml™ and a volumetric

productivity of 1-5g L~ [25].

Means by which these advances were achieved include cellular engineering measures
that adress apoptosis and autophagy [26], 27, 28] or lactate production [29, 30]. A
variety of mechanisms can be employed to achieve engineering goals, ranging from
the silencing and over- or underexpression of individual genes [31] to RNA-mediated
techniques that can alter the expression of whole groups of genes using microRNAs

(miRNA) [32] 33, 34].

Optimization in media composition and bioprocess conditions pose the second im-
portant field of improvement. Biphasic cultivation methods, for instance, have proved
to be beneficial in many cases. Shifts in temperature and pH often lead to a reduced
growth rate, or even arrest, and increased specific productivity, yielding more product

overall [35] [36].
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1.3 Proteomics

A comprehensive understanding and monitoring of cellular processes and developments
is crucial for informed decisions and evaluations in engineering. This understanding
comes best at multiple levels, from the genetic and transcriptional level up to the level

of functional proteins that define the phenotype of a cell.

Proteomics data is used in many fields of current research. Advancements in sequenc-
ing technologies have led to an unparalleled expansion of genomic data. The task to
functionally annotate these genomes, however, remains a major struggle that cannot
be tackled by the genomic data alone. Using evidence-driven approaches, for example
with the integration of data from protein studies, enables a reliable gene annotation

and gene prediction [37].

In the context of the biopharmaceutical production of therapeutic proteins, it is very
commonly of interest which molecular changes are triggered by certain measures and
interventions. Differential proteomic studies shine light into the changes of a cell’s
proteome. A shift in temperature for biphasic cultivation of CHO cells, is one example
of such differential proteomic studies. Kumar et al. found differential expression of
proteins involved in apoptosis, cell size, proliferation, DNA repair and DNA replication
in biphasic cultivated CHO cell cultures upon temperature shift [3§]. In a subsequent
study, Henry et al. looked specifically at the phosphoproteome of temperature-shifted
cultures. Differential phosphoproteomics in biphasic cultivation revealed an even deeper
understanding of biological changes at molecular level with biological processes like
chromosome organization, cell cycle control and cell division down— and RNA processing

upregulated at 31°C [39].

1.3.1 Phosphoproteomics

Protein phosphorylation plays an essential role in signal transduction, apoptosis, cell
proliferation and metabolism [40]. Therefore, phosphoproteomics has emerged to specif-
ically study these important PTMs. A key step for every phosphoproteomic analysis
is the enrichment of phophopeptides due to their low abundance overall. Phosphory-

lated serine, threonine and tyrosine residues are commonly enriched using either specific
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antibodies or chemical resins.

The covalent incorporation of a phosphate group leads to a negative charge on the
surface of the residue. This property is used for affinity enrichment of phosphorylated
peptides with positively charged metal ions, like Fe®*, Ga*", Ti*" and Zr*" [41], 142,
43, 44]. The immobilized metal affinity chromatography (IMAC) [45] as well as the
metal oxide affinity chromatography (MOAC) [46] have become the two most popular
methods for the enrichment of phosphorylated peptides [40]. In IMAC, metal ions
are immobilized on resins coated with iminodiacetic acid (IDA) or nitrilotriacetic acid
(NTA). Despite its wide use, the method comes with certain drawbacks; particularly,

the low tolerance towards buffers and salts and unspecific binding of acidic peptides [47].

The enrichment of phosphopeptides with MOAC is based on the complex formation
between phosphorylated peptides and metal oxides and hydroxides. The most widely
used in MOAC is TiO, due to its superior sensitivity and specificity over other metal
oxides [4§]. Like IMAC, MOAC also suffers from the co-enrichment of acidic peptides.
Specificity can be improved by using 2,5-dihydroxybenzoic acid (DHB) solution con-
taining acetonitrile and trifluoroacetic acid for loading of samples [49]. Elution from the
columns is performed under basic conditions of approximately pH 10.5 using ammonium

hydroxide.

A difference that has been observed between these two methods is that IMAC favors
multiply phosphorylated peptides while MOAC yields preferably single-phosphorylated
peptides [47]. This fact has led to the development of workflows which aim to comple-

ment these characteristics [50].

1.3.2 Enrichment of phosphotyrosine peptides

Afore mentioned methods using chemical resins enrich the global phosphoproteome
which is, as mentioned in Section [I.1} largely dominated by phosphorylated threo-
nine and, especially, serine residues. Investigation of tyrosine phosphorylation, which
plays essential roles in proliferation, metabolism, differentiation and survival, remains
a struggle due to its highly dynamic and short-lived nature [5I]. The specific and
sensitive enrichment of tyrosine-phosphorylated peptides requires an own set of meth-

ods. For this enrichment, immunoaffinity methods like immunoprecipitation are usu-



1.3 Proteomics

ally employed [40] 52}, 53], using antibodies developed to bind phosphorylated tyrosine
residues [54] [55]. In immunoprecipitation, these antibodies are immobilized on protein
A- or G-coated magnetic or agarose beads. Peptides bound to the antibodies are pulled

down by centrifugal force or on a magnetic rack and subsequently eluted from the beads.

As an alternative to antibody-based approaches, a recent study used a SH2-domain
derived, so-called superbinder as an affinity agent to enrich phosphotyrosine peptides,
yielding a greater depth in the coverage of the phosphotyrosine proteome than the
antibody-based enrichment [56].

Deep phosphoproteomic analysis often combines the enrichment of the global pro-
teome and tyrosine phosphorylated peptides to gain better coverage of the phospho-
proteome [57, B8]. Other studies focus specifically on tyrosine phosphorylation and
facilitate important insight into signaling networks that are largely driven by the dy-

namics of tyrosine phosphorylation [59] 60, 53].
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1.4 Mass Spectrometry for Proteomics

Mass spectrometry (MS) is an instrumental method of analytical chemistry that mea-
sures the mass-to-charge (m/z) ratio of gas-phase ions. In a mass spectrometer, an
analyte molecule is ionized, separated in an electro-magnetic field and subsequently

detected based on the trajectory or time of flight of the ion [61].

MS-based proteomics is state-of-the-art in deciphering the inventory of a cell’s pro-
teins. The three main applications for MS in proteomics are studies of protein expres-
sion, protein interaction and sites of protein modification [62]. A typical workflow starts
with the extraction of whole cell protein by lysis. Subsequent use of the endopeptidase
trypsin cleaves specifically C-terminal of lysine and arginine residues, digesting the pro-
teins into peptides. Finally, the chromatographic separation of peptides and subsequent

mass spectrometry analysis reveals the protein complement of a cell’s genome [63].

1.4.1 Soft ionization techniques

While previous ionization technologies resulted in the destruction of biological com-
pounds like proteins and nucleotides, the soft ionization techniques — named after
their characteristic to cause very little fragmentation of the analyte — matrix-assisted
laser desorption ionization (MALDI) and electrospray ionization (ESI) paved the way
of MS for the studies of proteins [64]. In ESI, the analyte is dissolved in a solvent and
sprayed by a thin needle into the spectrometer. A high electrical potential is constantly
applied to the needle, resulting in the nebulization of charged droplets. Depending
on the polarity of the applied voltage, the droplets are either positively or negatively
charged. Subsequently, the droplets are reduced in size by evaporation, until a critical
point is reached at which the so-called coulomb explosion ejects charged ions into the
gaseous phase [65]. MALDI starts with the co-crystallization of the analyte-solvent
into a solid phase matrix. The sample is therefore mixed with excessive amounts of a
solution of a small organic compound and then air-dried [66]. Application of a short
laser pulse of high intensity leads to the desorption and ionization of the analytes in

the matrix [64].

Both ESI and MALDI can be regarded as highly sensitive techniques for ionization.
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The main difference is the state at which the sample is introduced into the instrument,
being solvated in ESI or in a solid state in MALDI. ESI can be easily coupled to liquid
chromatography and enables an efficient workflow for quantitative measurements [67].
In the course of a quantitative ESI experiment it is necessary to incorporate an internal
standard to compensate for losses in the sample preparation process and the sensitivity
of the intrument [65]. MALDI has also been used for quantitative measurements [6§]
and was coupled to liquid chromatography [69]. However, MALDI does not yield a
uniformly distributed representation of the analyte and the quality of MALDI spectra
can be significantly influenced by the position of the laser beam. This irreproducibility

poses difficulty for such applications [64] [70].

1.4.2 Fragmentation

After ionization of the analyte, it is necessary to create fragments of the peptides for
their characterisation via peptide sequencing. The first fragmentation method to be
developed was collision-induced dissociation (CID) in 1977 [71]. Fragmentation of the
peptides is achieved as a result of collision of the analytes with an inert neutral gas,
such as helium, nitrogen or argon. The kinetic energy of the collision leads to disruption
of bonds along the peptide-backbone [72]. The breakage of the amide bond results in
so-called b- and y-ions, describing the resulting fragments beginning from the N- and
C-terminus respectively [73]. The fragmentation pattern of this method may depend
on several factors like amino acid composition, size and charge of the peptide [72].
Moreover, it has been repeatedly shown that fragmentation generally does not occur
randomly but follows certain patterns that have been revealed by data-mining and
statistical analysis [74] [75, [76]. A typical occurrence during fragmentation with CID
in phosphopeptides is the neutral loss of phosphate due to the labile phosphoester
bond relative to other bonds in the peptide [77]. This may lead to CID spectra of
phosphopeptides that are largely dominated by a single peak corresponding to the
neutral loss of H;PO,, hindering the correct identification of peptide fragments and the
localization of the phosphorylation site [78]. This affects phosphotyrosine residues to a
lesser extent, as the C-O bond is stabilized by the aromatic ring of the tyrosine [79].

In order to obtain more sequence information in CID spectra with neutral loss, the

fragments can undergo a second stage of activation that reveals the fragments of the



1 INTRODUCTION

peptide backbone and thereby the amino acid sequence. This so-called MS? method is
usually employed in a data-dependent setting on spectra with an intense peak indicating
neutral loss [72]. A downside of this approach is the considerable increase of analysis
time per peptide. Multistage Activation (MSA) can be applied to reduce this analysis
time while still achieving a similar result. For this approach the second isolation step
is omitted and the neutral loss ion is activated with the precursor ion fragments still
present. This results in an information-rich, composite spectrum of MS/MS and MS?
fragments [80]. MSA is most suited in samples that are rich in phosphopeptides, which is

the case in a typical phosphoproteomic experiment after enrichment of phosphopeptides.

To improve upon the sensitivity of traditional, regular CID, higher-energy C-trap
dissociation (HCD) has been developed for the linear trap quadrupole orbitrap (LTQ
Orbitrap) MS platform. This method provides better resolution, accuracy and less loss,
than CID, especially with lower masses [81]. It is debated whether CID-based MSA or
HCD are more suitable for application in phosphoproteomics and studies show differing

findings [82], 83, 84].

Another approach in terms of fragmentation methods are electron-based dissociation
methods that can leave PTMs largely intact during fragmentation [85]. Electron cap-
ture dissociation (ECD) uses low-energy electrons that interact with the protonated
precursor ion to form a radical cation, leaving the peptide in a transient state that
ultimately produces fragments [86]. Linear ion trap CID is generally more efficient and
yields more phosphopeptide identifications, whereas ECD is more useful for the localiza-
tion of phosphorylation in peptides. In a study conducted by Sweet et al., ECD showed
an overall poorer performance, even though it used a Fourier-transform ion cyclotron
resonance (FT-ICR) MS, a high resolution instrument compared to the linear ion trap

MS used with CID [87].

Another factor which renders ECD less practicable than other fragmentation methods
is the high cost of FT-ICR instruments. A similar adaptation of ECD for less costly
forms of MS is the electron-transfer dissociation (ETD) that was developed a few years
later [88]. ETD produces radical anions from molecules with low electron affinity that
pass on the electron to the precursor peptide. This results in the formation of a radical

cation and subsequent fragmentation, similar to ECD.

10
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1.4.3 Mass analyzers

Several types of mass analyzers are typically used in proteomics workflows. In linear ion
traps (LIT), ions are radially and axially confined by a two-dimensional radio-frequency
field as well as static potentials applied to electrodes at the end of the quadrupoles.
Among their advantages are high storage capacity, the rather simple construction as well
as their high injection efficiency [89]. Orbitraps are another example of trapping type
mass analyzers that confine ions by balancing the electrostatic attraction to the inner
electrode with the inertia of the ion, resulting in a characteristic trajectory around the
central electrode and oscillations that are proportional to the m/z ratio [90]. This ana-
lyzer gives a very high resolution and high mass accuracy while still being comparably

small and cheap.

Another type of mass analyzer that uses m/z dependent trajectories for selection is
the quadrupole mass analyzer in which ions are separated by oscillating electric fields
applied to the two pairs of rods. The major advantage of this analyzer is its low cost,

small size and maintainability compared to other methods [64].

Time of Flight (TOF) analyzers utilize the proportionality of the flight time of ionized
molecules to the detection unit, upon acceleration in an electric field. In order to correct
for variance in the distribution of kinetic energy of the ions and to thereby increase the
resolution of the instrument, reflectron TOF analyzers are usually employed which use

an electrostatic ion mirror to further extend the travelling path of the molecules [64].

Today, MS for proteomics is almost always used in a hybrid setting, coupling multiple
mass analyzers for gains in specificity and sensitivity as well as for being able to process
the large amount of peptides that are being introduced into the MS in short time. Many
so-called tandem MS (MS/MS) instruments combine, for example, quadrupole and TOF
(qTOF), quadrupole and orbitrap or LIT and orbitrap systems [91], 02, [93].

1.4.4 Quantitative Proteomics

For many types of proteomics studies, the quantification of proteins is the central aspect
of the underlying question. However, this task is also one of the technically most

challenging. Several strategies can be employed for quantitative proteomics: (a) in
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vivo metabolic labelling with stable isotopes, (b) chemical labelling of peptides with

chemical mass or isobaric tags or (c) label-free approaches.

In Stable Isotope Labelling by Amino acids in Cell culture (SILAC), cultivation media
is usually supplemented with >C or N isotopes, which leads to the incorporation of
these isotopes into the metabolism of the cells. This change of mass of the peptides
can be detected by the MS and can be used for quantitation. Metabolic labelling is
among the quantitative methods with the highest accuracy since samples can be mixed
at the stage of living cells already [04]. However, this labelling strategy is limited to

comparisons of just 2-3 states or samples.

With Isobaric Tags for Relative and Absolute Quantitation (iTRAQ) and Tandem
Mass Tags (TMT), two methods for labelling peptides with isobaric tags are available
that give rise to characteristic reporter ions. This ways, up to sixteen different samples
in TMT [95, 06] or eight in iTRAQ can be quantified in a multiplexed analysis [97].
The major limitation of isobaric labels arises with the co-fragmentation of peptides in

the same mass window as the precursor of interest [98].

In the label-free scenario, relative quantitative comparisons are achieved via calculat-
ing the area under the curve (AUC) of peaks in the spectrum or by spectral counting.
The lack of labelling agents aids in flexibility in terms of experimental design, avoids ad-
ditional workflow steps and reduces implementation cost [99]. The samples in label-free
analyses are not mixed, which means that the number of samples or conditions is not
restricted, but also that the accuracy of the quantification is lower in the overall exper-
imental process, compared to labelled approaches [94]. Furthermore, an elongated data
acquisition time has to be considered in label-free experiments. The majority of chal-
lenges arise in the post-acquisition analysis and robust quantitation requires specialised

proteomics software that is improved continuously [100, 10T, T02].

1.4.5 Bioinformatics

Post-acquisition analyses are done computationally and are largely carried out in au-
tomated and standardized pipelines [103]. The first steps in the analysis of the raw
data includes the identification of peptides. The SEQUEST algorithm was the first to

be developed and identifies peptides spectra by correlating them to in silico-generated
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peptide spectra from a protein database [104]. Similarly, MASCOT software uses a
probabilistic approach to compute a score that indicates the match between the exper-

imental spectrum and the theoretical spectra [105].

These database searching algorithms report several scores that are used to describe
the confidence of each peptide match. Reports have shown a significant overlap between
between true positive and false positive peptide matches in these scoring methods [106),
107]. In order to minimize false discoveries, the use of decoy protein databases and
score thresholds improves the rate of true positive identifications. Instead of manually
setting these thresholds and creating decoy databases for each specific application, the
Percolator algorithm uses a semi-supervised machine learning approach to discriminate

between correct and incorrect peptide spectrum matches (PSMs) [108].

The aforementioned programs are not optimized for identification of PTMs. Special-
ized software such as phosphoRS is used to calculate individual site probabilities for
phosphorylation in peptides [109]. The algorithm scans each MS/MS spectrum in win-
dows of 100 m/z and calculates the cumulative binomial probability for each theoretical
isoform representing phosphorylations. Notably, this software can be used with spectra

from any fragmentation method including MSA, HCD and ETD.
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2 Project aim

The aim of this study is

e to develop a protocol for the specific enrichment and analysis of peptides con-
taining phosphorylated tyrosine residues from biopharmaceutical production cell

lines such as Chinese Hamster Ovary cells,

e to elucidate the role of different common methods in phosphoproteomics in terms

of quantity and quality of discovered tyrosine-phosphorylated peptides and
e to characterize proteins that could be retrieved in these analyses, as well as,

e to describe the molecular functions, cellular localization and biological processes

that are enriched by this workflow using Gene Ontology analyses.
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3 Materials and Methods

3.1 Cell Culture

CHO K1 cells were grown in 250ml sterile disposable flasks in a culture volume of
20 ml with CD CHO medium (Gibco, Cat.-Nr. 10743029) supplied with 2 plml~! anti-
clumping agent, incubated at 37°C, 5% CO, and 80 % humidity at 170 rpm in a shaking
incubator (ISF1-XC Climo-Shaker, Kuhner). Culture density was monitored by cytom-
etry using a Guava EasyCyte HT (Merck, GER). Cells were split to 0.2 x 10° cells ml~*
every 3—4 days.

3.2 Cell Harvesting

The culture volume was transferred to a universal conical tube and centrifuged at
1000 rpm for 5 min to pellet the cells. The cell pellet was washed once with 5 ml ice-cold
PBS and subsequently transferred in to a 1.5 ml microcentrifuge tube 1 ml ice-cold PBS.
Afterwards, PBS was removed by centrifugation at 5000 rpm and 4 °C for 5 minutes and

the remaining cell pellet was stored at —20 °C.

3.3 Cell Lysis

The pellet was thawed and resuspended in 200 pl lysis buffer (8 M Urea, 50 mm Tris,
75 mM NaCl, pH8.2). Subsequently, 100 x HALT Phosphatase Inhibitor Solution (Cat.-
Nr. 78420, Thermo Fischer) was added to the suspension. The lysis was conducted by
ultrasonication with three pulses, each with the duration of 30 seconds and with 5 min-
utes pause in between. Afterwards, the lysed sample was centrifuged at 14 000 rpm and
4°C for 15 minutes. The supernatant was transferred to a new 1.5 ml microcentrifuge

tube and total protein was quantified.
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3.4 Protein Quantitation

Protein quantitation was carried out by a Bradford assay (BioRad). Bovine serum
albumin (BSA) standard dilution series was made from a stock solution of 2mgml™"
in a 2-fold manner. The sample was diluted in order to fit approximately into the
standard’s range of 0.25mgml™! to 1mgml™'. 5yl of each sample and standard were
transferred into wells of a 96-well plate. Subsequently, 2501l of Bradford dye were
added. Measurements were conducted in triplicates, using a Multiskan GO instrument
with corresponding Skanlt software (v3.2.1.4, Thermo Fischer, USA) at 595nm after

an incubation of 10 minutes at room temperature.

3.5 In-solution Digestion

The sample was split into aliquots of 1mg of protein and dithiothreitol (DTT) was
added to a final concentration of 5mmoll~! and incubated at 56 °C for 25 minutes.
Afterwards, samples were cooled to room temperature. 0.5moll~! freshly prepared
iodoacetamide was added to the mix to a final concentration of 14 mmoll™! and in-
cubated for 30 minutes at room temperature in the dark. Subsequently, additional
DTT was added to make a final concentration of 10 mmoll~! in the mix. Thereafter,
it was incubated for 15 minutes at room temperature in the dark. The sample was
transferred to a 2ml microcentrifuge tube and diluted 1:5 with 25 mmol1~! Tris-HCI,
pH8&.2. Tryptic digest was conducted by adding 1pg trypsin per 50 pg substrate and
incubating at 37 °C and 200 rpm for 4 hours using sequencing grade trypsin (Promega).
Afterwards, an additional 1pg trypsin per 100 pg protein was added to the mix and
incubated at 37°C with shaking at 200 rpm overnight.

Digested samples were cooled to room temperature and LC-MS grade trifluoracetic
acid (TFA) was added to a concentration of 0.4% (v/v) and checked for a pH < 2.
Subsequently, samples were centrifuged at 2500 x g at room temperature for 10 minutes.
The supernatant was transferred to a fresh 2ml microcentrifuge tube, the pellet was

discarded. Samples were stored at —20 °C.
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3.6 Peptide desalting

3.6 Peptide desalting

First, Sep-Pak C18 cartridges (Cat.-Nr. WAT054945, Waters) were washed and condi-
tioned with 6 ml acetonitrile, followed by 3 ml 50 % acetonitrile, 0.5 % acetic acid. Sub-
sequently, the column was equilibrated with 9ml 0.1 % TFA. The sample was loaded
onto the column and reapplied two times. Washing and desalting was conducted with
6ml 0.1 % TFA. Finally, TFA was removed by washing with 900 pl acetic acid. Desalted
peptides were eluted with 5 ml of 50 % acetonitrile, 0.5 % acetic acid into a 15 ml conical
tube and snap-frozen with liquid nitrogen. The sample was lyophilized overnight and

afterwards stored at —20 °C.

3.7 Phosphopeptide-Enrichment with TiO,

Enrichment of phosphopeptides was conducted using High-Select™ TiOy Phosphopep-
tide Enrichment Kit (Cat.-Nr. A32993, Thermo Fischer). The TiO, spin tip and adap-
tor was placed in a 2ml microcentrifuge tube. 20 pl of wash buffer was applied to the
column followed by a centrifugation at 3000 x g for 2 minutes before equilibrating us-
ing binding buffer and centrifuging again at 3000 x g for 2 minutes. The filtrates were

discarded. Samples were resuspended in 150 pl of binding buffer and mixed.

The equilibrated TiO, tip was transferred to a fresh 2 ml microcentrifuge tube and
the resuspended sample was applied to the column. After centrifugation at 1000 x g for
5 minutes, the flow-through was reapplied to the column and spun again. After putting
the spin column into a new 2ml microcentrifuge tube, the bound sample was washed
by adding 20 ul of binding buffer and centrifugation at 3000 x g for 2 minutes. A final
wash was conducted with 20 ul of wash buffer and centrifugation as before. Washing

was repeated once in the same order of buffers.

Finally, the column was washed with 20 pnl of LC-MS grade water and centrifuged at
3000 x g for 2 minutes. After placing the TiOs spin column into a new 1.5ml micro-
centrifuge tube, the sample was eluted from the column by the addition of 50 nl elution
buffer and centrifugation at 1000 x g for 5 minutes. This elution step was repeated once

and eluates were pooled.

In order to remove the acidic solution from the eluate, samples were concentrated
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in vacuo and used for subsequent immunoprecipitation for analysis with, or C18 purifi-

cation for analysis without phosphotyrosine enrichment.

3.8 Immunoprecipitation

Per precipitation, 100 ul, corresponding to 3mg of magnetic Dynabeads were resus-
pended by vortexing and transferred into a new 1.5ml microcentrifuge tube. Anti-
body solutions were prepared by mixing 8 ng of the respective antibody — P-Tyr-1000
(Cat.-Nr. 8954, Cell Signaling) or 4G10 (Cat.-Nr. 05-321, Sigma Aldrich) — per 1 mg
of peptide (before phosphopeptide enrichment) in 200 pl antibody binding & washing
buffer.

The supernatant of bead-containing tubes was discarded by the use of a magnetic
rack, before resuspending the beads in the antibody solution. For conjugation of the
antibodies to the magnetic beads, this mixture was incubated rotating at room tem-

perature for 1 hour.

Antibody-conjugated beads were washed once with 200l of antibody-binding &
washing buffer by gentle up-and-down pipetting and removal of the supernatant on the
magnetic rack. Finally, the beads were resuspended with 1 mg of peptide and incubated

rotating at 4 °C overnight.

After antibody binding, the unbound supernatant was transferred to a 1.5 ml micro-
centrifuge tube and stored at —20 °C for further experimentation. The phosphotyrosine-
bound beads were washed three times with 200 ul wash buffer. During a final wash with
100 pl wash buffer, the beads were transferred to a new 1.5 ml microcentrifuge tube and
the supernatant was removed on the magnetic rack. Subsequently, phosphotyrosine
peptides were eluted from the beads with either 50 ul 60 % acetonitrile/0.1 % TFA or
with 50l of 100 mM glycine at pH 2, by incubation rotating at room temperature for
3 minutes. The elution step was repeated once and supernatants were pooled in a new
1.5 ml microcentrifuge tube. Phosphotyrosine peptide-containing samples were concen-

trated n vacuo and afterwards stored at —20 °C.
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3.9 C18 Purification

Samples from immunoprecipitation or TiO, phosphopeptide enrichemnt were resus-

pended in 100 ul of 2% acetonitrile/0.1 % TFA.

The C18 resin of the spin column was activated using 200 pl 50 % acetonitrile and
centrfigation at 1500 x g for 1 minute. The supernatant was discarded and the resin

was equilibrated twice with 200 pnl 2% acetonitrile/0.1 % TFA.

Afterwards, the sample was loaded on top of the resin and the column was centrifuged
at 1500 x g for 1 minute. The flow-through was reapplied once to ensure complete
binding of the sample to the resin. Washing was conducted twice with 200 pl 2 %
acetonitrile/0.1 % TFA and centrifugation at 1500 x g for 1 minute.

The column was placed in a new 1.5ml receiver tube and the peptides were eluted
with 20 pl 70 % acetonitrile. After a short incubation time of 1-2 minutes, the column
was centrifuged at 1500 x g for 1 minute. The elution step was repeated once and
filtrates were pooled into the same receiver tube. The solute was removed thereafter in
vacuo. Subsequently, the pellet containing the purified peptides was stored at —20°C

or used immediately for mass spectrometry.

3.10 Preparation for Mass Spectrometry

Peptides were resuspended in 22pul 2% acetonitrile/0.1 % formic acid and vortexed
for several seconds. The mixture was incubated at room temperature for 20 minutes.
Afterwards, the sample was sonicated in the sonication bath for 5 minutes. The amount
of peptides was measured in the NanoDrop (Thermo Fischer). 20pl were transferred

into a vial and put in the sonication bath for 5 minutes.

3.11 LC-MS/MS

The analysis was performed using a UltiMate 3000 nanoRSLC coupled in-line with
Orbitrap Fusion Tribrid mass spectrometer (both Thermo Fischer, USA). 1png of pep-
tide per samples were loaded onto the trapping column C18 PepMap, 300 pm x 5 mm
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(Thermo Fischer, USA) and desalted for 3 minutes at a flow rate of 25 plmin~' us-
ing 0.1% (v/v) TFA/2% (v/v) acetonitrile. Afterwards, peptides were resolved on an
Easy-Spray C18 75 pum x 250 mm column with a bead diameter of 2pm (Thermo Fis-
cher, USA). Solution A for the gradient consisted of 0.1 % (v/v) formic acid. Solution B
consisted of 80 % (v/v) acetonitrile and 0.08 % (v/v) formic acid. The gradient, start-
ing from 98 % of solution A and 2 % solution B, was raised to 35 % solution B over the

course of 120 minutes with a flow rate of 300 nl min—!.

MS1 spectra were acquired over 400-1400 m/z in the Orbitrap at 120 K resolution and
200m/z. Automatic gain control was set to 4 x 10° ions with a maximal injection time
of 50 ms. Tandem MS analysis was conducted in data-dependent mode with normalized
collision energy optimized at 35 % for Collision Induced Dissociation. Spectra for MS2
were acquired in the ion trap. The intensity threshold for fragmentation was set to
10000 and included the charge states +2 to +6. The dynamic exclusion was set to 50's
and mass tolerance to 10 ppm. Fragmentation using Multistage Activation (MSA) was
triggered for any precursor ion with neutral-loss of mass 97.9763 with a tolerance of
0.5m/z. The automatic gain control was set to 20000 with a maximal injection time

of 90 ms.

3.12 Computational Analysis of LC-MS/MS data

Analyses were conducted using the Proteome Discoverer software (v2.1, Thermo Fis-
cher, USA), which incorporates the algorithms used for analysis. Identification of pro-
teins was conducted using the SEQUEST HT algorithm [104] with the NCBI Chinese
Hamster Ovary (Cricetulus griseus) protein database from November 2017, contain-
ing 24906 sequences. The fragment mass tolerance was set to 0.6 Da and precursor
mass tolerance to 10ppm. Enzyme specificity was set to Trypsin with two missed
cleavages allowed. Carbamidomethylation of cysteine was set as static modification.
Phosphorylation of serine, threonine and tyrosine and oxidation of methionine were set
as dynamic modifications. Identification of phosphorylated sites was conducted using

the phosphoRS algorithm [109].

Data were filtered to a false discovery rate (FDR) of 1% by automatic decoy searching
in SEQUEST and by phosphoRS probability scores for phosphorylated sites by > 75 %.
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3.13 Gene Ontology

Tyrosine-phosphorylated proteins were assigned to equivalent mouse gene symbol iden-
tifiers by using the most similar mouse protein, with an identity of at least 90 %, from
the UniProtKB database. Gene Ontology term enrichment was conducted using the
DAVID web interface [I10]. Terms for cellular components, biological processes and
molecular functions, as well as KEGG pathway analysis were subject to an adjusted

p-value (Benjamini-Hochberg, [111]) cutoff of < 0.05.
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4 Results

4.1 Optimization of Phosphotyrosine Enrichment

The extreme sub-stoichiometric nature of tyrosine phosphorylation triggers it difficult to
achieve an appropriate coverage of the tyrosine phosphoproteome. Specific enrichment
of tyrosine-phosphorylated peptides by immunoprecipitation with anti-phosphotyrosine
antibodies is the most widely applied method to improve the number and confidence of

hits.

4.1.1 Comparison of antibodies

Figure [2| shows initial experiments that were conducted in order to improve the number
of detected phosphotyrosine sites. Two antibodies, 4G10 and P-Tyr-1000, were available
which are both regularly applied for the enrichment of phosphotyrosine in proteomics
experiments. A study with colorectal cancer cells, conducted by van der Mijn et al. [T12],
found that P-Tyr-0000 performed superior to 4G10. However, this study used a very
large quantity of cells and no concentration of P-Tyr-1000 is reported. To evaluate
the performance of both antibodies on a smaller amount of CHO cells, this study
was tried to be replicated using the antibody P-Tyr-1000 according to manufacturer’s
recommendations for immunoprecipitation. The result of this initial experiment can be

seen as experiments A, for P-Tyr-1000, and B, for 4G10, in Figure [2|

Using the antibody 4G10 and MSA fragmentation gave rise to only two detected
phosphotyrosine residues from 1mg of whole cell lysate. The antibody P-Tyr-1000 is
not provided with information regarding its concentration. Hence it was used with a
dilution of 1:200 according to manufacturer’s recommendations. This did not result in
the detection of any phosphotyrosine sites which is likely due to a too low amount of an-
tibody used for immunoprecipitation. Correspondence with the manufacturer after the
experiment revealed the concentration of the antibody to be 928 pgml=!. In follow-up
experiments, the antibody P-Tyr-1000 was used as described in Section The num-
ber of identified phosphotyrosine sites increased in subsequent trials. Experiments C,

D and E were conducted with preceding enrichment of phosphorylated peptides using
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Figure 2: Improvements in the number identified phosphotyrosine sites throughout ini-
tial experiments. Experiments are denoted from A—F in chronological order.
Colored in red [ and blue [l are fragmentations methods MSA and HCD,

respectively.

TiO4 enrichment. For experiment E, only MSA fragmentation has been used. Exper-
iment F was conducted without prior enrichment of phosphopeptides but by applying

immunoprecipitation directly with whole cell peptide.

Literature research revealed different approaches to immunoaffinity enrichment of
phosphotyrosine. Some studies enriched global phosphopeptides using MOAC or IMAC
before enriching specifically for phosphotyrosine [113, (14, [114], while others enriched
from whole peptide instead [115]. Both approaches were tested in initial experiments.
In experiment F, conducted without prior enrichment via TiO,, more phosphotyrosine

sites could be discovered compared to other experiments.

Fragmentation with MSA enabled the discovery of more phosphotyrosine sites in most
experiments. However, a clear comparison cannot be carried out from these experiments

due to the low number of identified sites.

Implications of fragmentation methods as well as preceding enrichment of global
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phosphopeptides on the quantity and quality of identified phosphotyrosine sites were

further elucidated in a subsequent experiment reported in Section

4.1.2 Antibody depletion

A major challenge in the analysis of phosphorylation events by proteomics is the in-
evitable peptide loss during the handling and processing of the sample. This is espe-
cially critical when the aim is to enrich phosphotyrosine — the least abundant type
of phosphorylation. An important step in an immunoaffinity enrichment procedure is
the depletion of the antibody from the sample. Abe et al. have conducted a study in
which they tried to optimize several parameters of the phosphotyrosine enrichment pro-
cedure [113]. They showed that by using Fe*T-IMAC for depletion of antibodies after
immunoprecipitation, considerably more phosphotyrosine sites can be discovered than
by using C18 columns. To elucidate whether the same can hold true for MOAC with
TiO,, measurements of the peptide concentration in the samples are used as a proxy for
recovery of peptide from antibody depletion methods. Measurements were conducted
after immunoprecipitation as well as after conducting either C18 purification or TiO,
MOAC for depletion of antibodies using a NanoDrop One (Thermo Fischer, USA) for
the peptide quantification.

Table 1: Loss of peptide caused by the respective processing steps based on peptide
measurements before and after each step.

Method Mean % Loss SD
C18 Purification 33.26 1.78
TiO9 enrichment 63.55 6.24

Table [1| shows the percent loss of peptide from the depletion of the antibody by the
respective methods. C18 cartridges recover significantly more peptide than using TiOs,.

Therefore, the C18 was used for the remainder of the project.
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4.2 Antibody binding bias

Anti-phosphotyrosine antibodies have previously been reported as sensitive towards se-
quence context [116]. Amino acids in the vicinity of a phosphorylated tyrosine residue
in the peptide may encourage or prevent binding of anti-phosphotyrosine antibodies.
Studies of the phosphotyrosine proteome of mammalian cell factories require a reli-
able and sensitive method for enrichment of phosphotyrosine peptides. Therefore, the
frequencies of amino acids around the binding site of the antibody P-Tyr-1000 in 43

peptide sequences were analyzed and are illustrated in a weblogo.
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Figure 3: Frequency of amino acids in the vicinity of bound phosphotyrosine residues.
Visualized using WebLogo [117].

Figure [3] shows the frequency of amino acids around the identified tyrosine phospho-
rylation sites. One notable observation in the frequency of amino acids is the occurrence
of hydrophobic amino acids leucine, valine and isoleucine at +1. Reports show a very
strong enrichment of valine at position +1 of tyrosine phosphorylation sites [I18]. Other
hydrophobic amino acids, however, are not strongly enriched at this position and their
frequency may be attributed to a bias in antibody binding. Tinti et al. have shown in
peptide microarrays that hydrophobic amino acids, leucine in particular, are enriched in

the vicinity of the antibody binding site of phosphotyrosine containing peptides [116].

The position —1 shows higher frequencies of acidic amino acids glutamic acid and
aspartic acid while Tinti et al. report depletion of acidic amino acids in the sequence
context of anti-phosphotyrosine antibodies. Arginine, here at position +4, is often

found enriched in sequences downstream of the antibody binding site.

In general, however, it can be seen from these experiments that the anti-phosphotyrosine

antibody P-Tyr-1000 does not show any strong bias with regards to sequence context.
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4.3 Comparison of protocols

Literature research revealed a wide variety of methods and protocols for the enrichment
of phosphotyrosine peptides with immunoprecipitation. Most previous studies are not
using label-free mass spectrometry and many use epidermal growth factor (EGF) treat-
ment for stimulation of phosphorylation [113, 119, 115]; both of which are not relevant
for the tasks underlying this thesis.

Here, different methods for enrichment of phosphotyrosine peptides with immunopre-
cipitation are compared. First, it was investigated whether it is advantageous to first
enrich for all phosphopeptides by TiO,-enrichment, with the rationale that enrichment
of phosphorylated tyrosine residues by antibodies could be more effective after being
concentrated, due to the substochiometric nature of tyrosine phosphorylation. On the
other hand, however, each additional processing step also causes more loss of peptides

of interest.

Advances in mass spectrometry lead to enhancements in resolution and depth of
proteomic analyses. Enrichment methods were developed to cope with the lesser capa-
bilities of older instruments while the benefit of some enrichment methods with current
devices could be debated. Hence, in addition to aforementioned enrichment strategies,
the specific enrichment of phosphotyrosine peptides is omitted in another protocol to

investigate the benefit of the immunoprecipitation.

In previous studies, different elution methods were used in immunoprecipitation:
Elution by acetonitrile and trifluoracetic acid (e.g. in [I113]) as well as elution by low-
pH glycine (as in [I19]). In order to compare the performance of these two elution

methods, both were applied and analysed.

Furthermore, both MSA as well as HCD are regularly applied for proteomics and
phosphoproteomics. Samples were analyzed with both fragmentation methods to gain

another layer of insight into implications of discovered tyrosine phosphorylations.
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An overview of the experimental setup used to elucidate these aspects can be seen in
Figure[dl After the digestion of the proteins into peptides and the subsequent desalting,
as explained in Sections [3.5] and [3.6] the protocols diverge into three variations that

alm to:

e enrich peptides with phosphorylated tyrosine residues using immunoprecipitation

from whole peptide samples,

e enrich peptides with phosphorylated tyrosine residues using immunoprecipitation

from afore, by TiO,, enriched phosphorylated peptides, or

e enrich phosphorylated peptides by TiO,, equivalently to a regular phosphopro-

teomics workflow.

The experiment was carried out with 5 mg of raw peptide and split evenly across all
samples, amounting to 1 mg per sample, after the desalting step to ensure equal starting
material in each protocol. Immunoprecipitations in these experiments are conducted
with elution by acetonitrile (ACN)/TFA or low-pH glycine (GLY) as explained in Sec-
tion [3.8] Each sample derived from this experimental workflow was analyzed by mass

spectrometry using the fragmentation methods MSA as well as HCD.
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Figure 4: Experimental setup for the comparison of protocols for quantitative and qual-
itative analysis of phosphorylated tyrosine residues in proteomes.

31



4 RESULTS

4.4 Identified phosphotyrosine

Table [2| shows the amount of peptides and phosphorylated sites that were derived from
each protocol variation. The regular phosphoproteomics workflow that omitted any
specific enrichment of phosphorylated tyrosine yields a typical number and distribution

of discovered sites that reflects the low abundance of tyrosine phosphorylation.

Protocols involving immunoprecipitation lead to very few discovered overall peptide
and phosphorylated sites compared to the usual workflow. Protocols that used low-pH
glycine did not yield any phosphotyrosine sites and only very few peptides in gen-
eral, clearly showing the inferior performance of this elution method in comparison to
ACN/TFA. Furthermore, a greater depth is gained by fragmentation of the sample by
MSA, as opposed to HCD, which is reflected by greater numbers of peptide and phos-
phorylated residues discovered in every protocol. The increase is drastic in the case of
the IP ACN-eluted protocol, with approximately ten times more peptide and phospho-
rylated sites discovered by fragmentation with MSA. The regular phosphoproteomics

workflow benefitted from this fragmentation as well, by doubling in numbers.

32



4.4 Identified phosphotyrosine

Table 2: Number of discovered total and phosphorylated peptides as well as number of
phosphorylated sites with phosphoRS probabilities > 75%. Phosphorylated
sites are further subdivided into serine, threonine and tyrosine sites

MSA
ACN GLY
I[P TiOy/IP  IP  TiOy/IP TiO,
Total Peptide 306 45 69 129 6496
Phos. Peptide 37 11 1 3 2093
Phos. Sites 39 11 1 4 6480
pS 5 0 1 3 5948
pT 2 0 0 1 496
pY 32 11 0 0 36
HCD
ACN GLY
IP  TiOy/IP TP  TiOy/IP TiO,
Total Peptide 38 15 12 7 3646
Phos. Peptide 3 2 0 0 2776
Phos. Sites 3 2 0 0 3371
pS 0 0 0 0 3165
pT 0 0 0 0 195
pY 3 2 0 0 11
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Figure 5: Fractions of phosphorylation sites discovered with each protocol variation.
Visually presented as horizontal bar plots and numerically as percent values.

The different protocols yielded varying fractions of phosphorylation sites. Figure
shows the proportions of phosphorylated residues derived by each variation of the pro-
tocol. The regular phosphoproteomics protocol yields typical proportions of phospho-
rylated serines, threonines and tyrosines. This illustrates the issue of sub-stochiometric
phosphotyrosine very well. The significant effect of immunoprecipitation for the enrich-
ment of tyrosine-phosphorylated peptides can be clearly seen in the other protocols,

provided acetonitrile/trifluoracetic acid has been used to elute peptides.
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Figure 6: Phosphotyrosine sites discovered with each protocol variation. Number of
phosphotyrosine sites with a phosphoRS probability score of > 75%. Colors
distinguish between protocol variations: red [ for IP, blue ] for TiO,/IP
and green [ for TiO,.

Figure [6] shows the number of phosphotyrosine sites that could be discovered with
a phosphoRS probability of greater than 75%. Enrichment of phosphorylated pep-
tides before the specific enrichment of phosphotyrosine-containing peptides reduced the
number of discovered phosphotyrosine sites. However, not performing phosphotyrosine
enrichment at all, i.e. relying upon the sensitivity of the MS instrument, gave rise to

the most sites.

Low-pH glycine has shown to be not effective for this application. No phosphorylation
sites could be recovered when using this elution method. The fragmentation method

MSA outperformed HCD significantly, which was already seen in previous experiments
(Section [4.1).

The overlaps of the identified phosphotyrosine sites in each protocol can be seen
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TiO,-MSA TiO,-HCD

IP-ACN-MSA iO0,/[P-ACN-MSA

Figure 7: Venn diagram showing the number of phosphotyrosine identifications by each
protocol.

in Figure [] The majority of phosphotyrosine sites were identified in only one of the
protocols. A notable overlap is between the protocols of IP and TiO,/IP, both with
ACN elution and MSA fragmentation, mutually identifying 8 sites of tyrosine phos-
phorylation. This might indicate that enrichment by immunoprecipitation could be a
more reproducible approach than the protocol which only uses TiO, for enrichment of
all phosphorylated peptides. Hence, albeit the TiO,-MSA protocol revealed the most
phosphotyrosine sites, specifically enriching for phosphotyrosine, by the means of im-

munoprecipitation, might be more suited in practical applications.

36



4.5 Phosphorylation site quality measures

4.5 Phosphorylation site quality measures

In the computational analysis of raw mass spectrometry data for phosphoproteomics,
phosphoRS is used to assess the probability of the correct assignment of a phosphoryla-
tion site. This algorithm is discussed in the introduction of this report in Section
To gain a deeper insight in the different methods that can be utilized for phosphotyro-
sine enrichment and analysis, the phosphoRS probability score is used as a measure for
the quality of detections by each method. Here, the different variations of the protocol

are compared in terms of this quality measure.
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Figure 8: Distribution of phosphoRS Best Site Probabilities for each variation of the
protocol. Above boxplots, the total number of phosphorylated tyrosine
residues is shown. Colors distinguish between protocol variations: red [
for IP, blue [ for TiO,/IP and green [ for TiO,.

Figure[§shows the distribution of the phosphoRS Best Site Probability scores among
the different protocol variations, from all phosphotyrosine sites with a score of greater

than 75 %. Even though immunoprecipitation enrichment of phosphotyrosine peptides
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leads to fewer detectable phosphotyrosine sites, it achieves significantly better measures
in terms of phosphoRS probability (Welch’s two-sample t-test between IP-ACN-MSA
and TiO»-MSA: p = 1.248 x 107°) and therefore higher quality detections than the
general phosphopeptide enrichment (IP-ACN-MSA: 98.0 + 3.8 %; TiOy-MSA: 91.6 +
6.8%).

Table 3: Fractions of high phosphoRS probabilities in IP-ACN-MSA and TiO,-MSA.

IP-ACN-MSA TiO,-MSA

phosphoRS probability Count Percent Count Percent

> 5% 32 100 36 100

> 95% 27 84.38 14 38.89
100 % 12 37.5 2 5.56

Table [3| shows the counts as well as percentages of phosphosites detected with phos-
phoRS probabilities > 75, > 95 or 100 % of both methods. In total, the IP-ACN-MSA
method yielded more than a third (37.5%) of its phosphotyrosine sites with a 100 %
phosphoRS probability, while only a comparable fraction (38.89 %) of TiOy-MSA were
above 95 %.

With the protocol described in this report, immunoprecipitation yields fewer phos-
photyrosine sites compared to TiO, enrichment. However, the overall quality of the
detected sites is significantly enhanced by enriching specifically for phosphotyrosine
peptides prior to LS-MS/MS.
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4.6 Tyrosine-phosphorylated proteins

Proteins that were identified to be phosphorylated on tyrosine are shown in Table
and [0] for the protocols IP-ACN-MSA and TiO,-MSA, respectively.

Among the proteins that were identified are mitogen-activated protein kinases (MAPK)
which are key parts in many pathways. Characteristic for these proteins are TxY motifs
in the activation loop of the kinase that contain threonine and tyrosine residues that
need to be phosphorylated for the protein to reside in a catalytically active conforma-
tion [120]. Due to the implications of these kinases in the regulation of various cell
functions like proliferation, gene expression, mitosis and apoptosis, they would be of
high interest in any study of the proteome of cell lines for biopharmaceutical applica-
tions. Table [4] shows three identified MAP kinases and the peptide sequence with the

characteristic motif and the phosphorylated tyrosine.

Table 4: MAP kinases identified with the IP-ACN-MSA protocol. Highlighted in red
is the TxY motif. Phosphorylation of tyrosine is indicated with a preceding
lowercase p.

Peptide Sequence Position in Protein
MAPKT7T [R] .GLCTSPAEHQYFM TEpY VATR. [W] 591-610
MAPK14 [R].HTDDEM TGpY VATR. [W] 163-175

MAPK3 [R] . IADPEHDHTGFL TEpY VATR. [W] 219-237

Another protein that was identified as being tyrosine-phosphorylated is vimentin.
With the IP protocol, using ACN elution and MSA fragmentation, the phosphotyrosine
at amino acid position 117 was identified, while the TiO, protocols could only find
phosphorylated serine residues. Vimentin is an intermediate filament protein and part
of the cytoskeleton. It has been shown that vimentin is tightly regulated by phosphory-
lation [I121I]. Many studies have been conducted that have shown differential expression
and alterations in phosphorylation of vimentin upon temperature shift in CHO cell

cultures [39, 38, 122].

The Crk-like, identified with a tyrosine phosphorylation at position 207 with the
protocol IP-ACN-MSA, is a protein that has a SH3 and a SH2 domain. The first
is a common protein domain that recognizes proline-rich motifs; the latter recognizes

phosphorylated tyrosine residues. CRKL is significantly involved in signal transduction
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throughout various pathways, making it a key part in many biological processes such

as the regulation of cell growth and gene expression.

The IP-ACN-MSA protocol further revealed tyrosine-phosphorylation of Signal Trans-
ducer and Activator of Transcription 3 (STAT3) at position 705. This particular
phosphorylation site is known to be involved in signaling processes regulating differ-
entiation, proliferation and apoptosis; most prominently via the JAK-STAT signaling

pathway [123].
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Table 5: Tyrosine-phosphorylated proteins identified with the IP-ACN-MSA protocol with the position of the phosphorylated tyrosine
residue and the probability.

Protein names Phosphorylated Postion phosphoRS: Best Site Probability
Partitioning defective 3-like Y 161 99.92
Non-specific serine/threonine protein kinase (EC 2.7.11.1) Y 48 100
UPF0663 transmembrane protein C17orf28-like Y 443 99.99
Receptor-type tyrosine-protein phosphatase alpha Y 789 99.99
CRKL (Crk-like protein) Y 207 96.82
Peptidyl-prolyl cis-trans isomerase (EC 5.2.1.8) Y 68 100
Palladin Y 322 99.35
Dual specificity tyrosine-phosphorylation-regulated kinase 1A Y 321 100
Protein S100-A10 Y 25 98.27
VIM (Vimentin) Y 117 100
Interferon-inducible protein Y 27 100
Glycogen synthase kinase-3 alpha Y 371 99.77
Tyrosine-protein kinase (EC 2.7.10.2) Y 220 92.6
Signal transducer and activator of transcription Y 705 100
Serine/threonine-protein kinase ICK Y 159 100
Mitogen-activated protein kinase (EC 2.7.11.24) Y 171 99.99
ATG101 (Autophagy-related protein 101) Y 164 100
Thioredoxin reductase 1, cytoplasmic Y 226 100
Hepatocyte growth factor receptor Y 1075 90.82
Mitogen-activated protein kinase (EC 2.7.11.24) Y 606 90.8
Activated CDC42 kinase 1 Y 518 92.36
Mitogen-activated protein kinase (EC 2.7.11.24) Y 233 99.56
Calmodulin Y 83 99.87
60S acidic ribosomal protein PO Y 24 100
Homeodomain-interacting protein kinase 1 Y 352 99.6
Uncharacterized protein Y 113 99.89
Pyruvate kinase (EC 2.7.1.40) Y 24 96.52
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Table 6: Tyrosine-phosphorylated proteins identified with the TiO,-MSA protocol with the position of the phosphorylated tyrosine

residue and the probability.

Protein names

Phosphorylated Position

phosphoRS: Best Site Probability

Histone-lysine N-methyltransferase MLL4
Biorientation of chromosomes in cell division protein 1-like
Caveolin

DNA-directed RNA polymerase I subunit RPA43
Microtubule-associated protein 1B
Microtubule-associated protein 1B

BRISC complex subunit Abrol

INCENP (Inner centromere protein)

DNA helicase (EC 3.6.4.12)

Transcriptional regulator ATRX

A-kinase anchor protein 12

Nucleus accumbens-associated protein 1

Golgi-specific brefeldin A-resistance guanine nucleotide exchange factor 1

Zinc finger CCCH-type antiviral protein 1

Zinc finger CCCH domain-containing protein 13
Tubulin-folding cofactor B

Tubby-like protein

PH domain leucine-rich repeat-containing protein phosphatase 2
Putative E3 ubiquitin-protein ligase TRIP12
Tyrosine-protein kinase (EC 2.7.10.2)

Glycogen synthase kinase-3 alpha

Band 4.1-like protein 2

RNA-binding protein 39

Dual specificity tyrosine-phosphorylation-regulated kinase 1A
Mitogen-activated protein kinase kinase kinase kinase 4
Splicing factor

Aryl-hydrocarbon-interacting protein-like 1

LisH domain and HEAT repeat-containing protein KIAA1468
Zinc finger transcription factor Trpsl (Fragment)

Rap guanine nucleotide exchange factor 5

Uncharacterized protein

Gap junction protein

Y 127
Y 2607
Y 19
Y 105
Y 1243
Y 1700
Y 377
Y 761
Y 159
Y 233
Y 279
Y 475
Y 1315
Y 573
Y 926
Y 63
Y 104
Y 1235
Y 1091
Y 295
Y 371
Y 88
Y 95
Y 321
Y 254
Y 237
Y 236
Y 192
Y 194
Y 69
Y 16
Y 286

83.7

99.6

87.9

93.01
84.02
82.56
80.42
97.01
88.35
99.36
89.99
84.02
97.94
99.53
88.57
98.8

84.38
99.61
98.77
99.48
91.06
93.28
99.52

100
81.35
90.79
100

91.74
87.43
89.49
82.56
81.82
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4.7 Gene ontology analysis

Biological process and molecular function annotation terms of the found proteins are
shown in Table [7/] Gene Ontology terms were considered significant with a Benjamini-

Hochberg adjusted p < 0.05 [111].

Among the gene ontology terms associated with tyrosine-phosphorylated proteins
are biological processes of phosphorylation, and more specifically autophosphorylation

which suggests that cell surface receptors involved in signal transduction were found.

Molecular function terms such as kinase activity and ATP binding further sup-
port this impression. Additionally to membrane-spanning cell-surface receptors, non-
receptor tyrosine kinases might also be among the proteins, indicated by the molecular

function term non-membrane spanning protein tyrosine kinase activity.

Notably, no Gene Ontology terms were found to be significantly enriched using any
other protocol. The protocol IP-ACN-MSA therefore produced the most biologically

meaningful results from all procedures that were compared.

Table 7: Gene ontology terms for biological process and molecular function derived by
the IP-ACN-MSA method with the Benjamini-Hochberg adjusted p-value

Biological process

GO ID GO Term adjusted p
GO:0016310 phosphorylation 3.43E-05
GO:0006468 protein phosphorylation 0.006333
GO0:0038083 peptidyl-tyrosine autophosphorylation 0.027658
GO:0046777 protein autophosphorylation 0.028095
Molecular function
GO ID GO Term adjusted p
GO0:0016301 kinase activity 5.46E-04
GO:0004672 protein kinase activity 0.001490
GO0:0004713 protein tyrosine kinase activity 0.002723
GO0:0004715 non-membrane spanning protein tyrosine kinase activity —0.010541
GO:0016740 transferase activity 0.008612
GO:0005524 ATP binding 0.008147
GO0:0019903 protein phosphatase binding 0.022713
GO0:0000166 nucleotide binding 0.022812
GO:0004674 protein serine/threonine kinase activity 0.034846
GO:0005515 protein binding 0.048841
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5 Discussion

The transient nature of tyrosine phosphorylation results in sub-stoichiometric amounts
of tyrosine-phosphorylated proteins at any given moment in the cell. Sophisticated ex-
perimental techniques are necessary to gain insight into some of the crucial intracellular

processes that rely on such modifications.

The most employed method for enrichment of phosphotyrosine-containing peptides
is immunoprecipitation with anti-phosphotyrosine antibodies. Initial experiments were
carried out to get an impression of the performance of the two available antibodies
4G10 and P-Tyr-1000. Under these circumstances, both antibodies failed to enrich
a considerable number of phosphotyrosine sites. After deviating from manufacturer’s
recommendations and using higher concentrations of the antibody P-Tyr-1000, the
enrichment of phosphotyrosine could eventually be observed. For the remainder of the

project, this antibody has been used since it performed superior to the antibody 4(G10.

For proteomic studies it is necessary to identify as much of the cell’s proteins as
possible. While MS instruments are getting increasingly sensitive, the sample prepara-
tion and processing steps that are taking place beforehand still cause dramatic loss of
peptide and ultimately impede a thorough analysis. One step in the procedure of a phos-
photyrosine enrichment workflow is the depletion of antibodies from the sample after
immunoprecipitation, which is usually done using C18 spin columns. A study from Abe
et al. [I13] found significantly enhanced recovery of peptides when using Fe*T-IMAC
instead. Examinations of peptide recovery by TiOs-based MOAC, a method similar to
Fe*T-IMAC, performed poorly compared to C18 spin columns based on measurements
of peptide concentration. TiO, enrichment lead to a loss of 63.55% of peptide, while
the loss with C18 columns was only 33.26 %.

Since anti-phosphotyrosine antibodies have been reported to be sensitive towards
sequence context, the identified phosphotyrosine-containing peptides were visualized in
a sequence logo to investigate any striking biases in antibody binding. The antibody P-
Tyr-1000 showed no major sensitivity towards sequence context throughout all analysed

peptide sequences.

Literature research revealed a variety of approaches for enrichment of phosphoty-
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rosine. Many previous studies were conducted with stimulation of epidermal growth
factor receptor (EGFR) by its corresponding growth factor. This leads to elevated
levels of tyrosine phosphorylation and therefore does not portray a natural state of
the cells at the point of lysis. The scope of this thesis was to analyze tyrosine phos-
phorylation of biopharmaceutically relevant cell lines in a realistic, undistorted setting.
It is therefore crucial to develop a procedure that is capable of enriching as much
phosphotyrosine-containing peptides as possible. Modifications at several steps of the
protocol, based on approaches found in the literature, gave rise to 10 different varia-
tions showing significantly different results with respect to the quantity and quality of

identified phosphotyrosine sites.

Among the variations of the protocol is the optional pre-enrichment of global phos-
phopeptides before the specific phosphotyrosine enrichment. While pre-enrichment is
a common step in a phosphotyrosine-enrichment procedure, any additional preparation
step causes more loss of sample, hence sample handling should be kept at a minimum.
It was therefore investigated which potential benefit arises from omitting the global
phosphopeptide enrichment. The protocol which used just immunoprecipitation from
whole peptide outperformed the protocol with pre-enrichment in terms of the number
of discovered phosphotyrosine sites. The protocol IP-ACN-MSA gave rise to 32 sites,
while the TiO,/IP-ACN-MSA protocol only discovered 11. Furthermore, 8 sites were
mutually identified with both protocols which might indicate a high reproducibility of

using immunoprecipitation.

Advancements in mass spectrometry technology have led to improvements in depth
and resolution of proteomics analyses. At some point, these improvements might out-
weigh the benefit of — and the need for — specific enrichment of sub-stoichiometrically
occurring phosphotyrosine. Therefore, additionally to protocols with immunoprecipita-
tion, a regular phosphoproteomics protocol was conducted to compare the number and
quality of discovered phosphotyrosine sites. The distribution of phosphorylated serine,
threonine and tyrosine sites illustrates the rarity of tyrosine phosphorylation very well.
Using MSA fragmentation, 5948 phosphoserine and 496 phosphothreonine sites were
discovered, however, only 36 phosphotyrosines out of a total of 6480 phosphorylated
sites were identified. Quantitatively, however, this still outnumbers the best perform-

ing protocol using immunoprecipitation, which yielded 32 sites. A striking difference
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between the protocols is shown by the phosphoRS probability, a measure of confidence
for the assignation of a phosphorylation at a tyrosine site. Immunoprecipitation-based
protocols yield phosphotyrosine sites with very high probability, with 12 out of 32 phos-
photyrosine sites having a probability of 100 %, compared to the phosphoproteomics
procedure with only 2 phosphotyrosine sites out of 36.

Fragmentation of peptides plays a crucial role in the discovery of phosphorylated sites.
Two fragmentation methods that are usually employed for phosphoproteomics exper-
iments are high-energy C-trap dissociation (HCD) and multistage activation (MSA).
To elucidate which of these methods perform better for the underlying task, each sam-
ple has been subjected to two LS-MS/MS runs, one for each fragmentation method.
Throughout all experiments it was shown that MSA performs superiorly overall. MSA
fragmented results yielded more general peptide as well as more phosphorylated pep-

tides and sites for global phosphorylations as well as tyrosine specifically.

Proteins that were discovered with the developed protocol might be of interest in
studies of the tyrosine proteome. Among them are mitogen-activated protein kinases
(MAPK), Vimentin (VIM), Crk-like protein (CRKL) and signal transducer and activa-
tor of transcription 3 (STAT3). For MAPK, characteristic phosphorylation motifs were
identified that yield information about the catalytic activity of the protein [120]. VIM
is a protein that has been subject of investigations regarding CHO cell culturing with
temperature shift [39] and STAT3 is a key member of important intracellular signal-
ing pathways [123]. Gene Ontology Term Enrichment Analysis (GOTEA) has revealed
biological processes of (auto)phosphorylation as well as molecular functions involving

kinase activities, ATP binding and nucleotide binding among others.

5.1 Conclusions & Outlook

Specific enrichment of phosphotyrosine has been shown to improve the confidence of
phosphorylated site inference algorithms. Furthermore, preliminary results show that
the reproducibility might be improved by immunoprecipitation methods. The most fa-
vorable protocol was found to be antibody-based immunoaffinity enrichment of tyrosine-
phosphorylated peptides from total peptide, without pre-enrichment of phosphorylated
peptides by TiO,. For the elution method it is recommended to use 60% acetoni-
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trile and 0.1 % trifluoracetic acid as opposed to low-pH glycine. For fragmentation,

multistage activation (MSA) has been demonstrated to be best suited.

While omitting the specific enrichment of phosphotyrosine yielded the most phospho-
tyrosine residues, this probability of phosphorylated sites was decreased significantly

and no Gene Ontology terms were found significantly enriched.

Future investigations should focus on further improving the yield in terms of quantity
of phosphotyrosine sites. This might be achieved by drastically increasing the amount
of peptide for the protocol. It should be noted that the results in this thesis were
obtained from 1 mg of protein per run while previous studies generally used much larger

quantities. In terms of quality, the proposed protocol already shows promising results.

Studies of phopshorylation events in CHO cells have been successfully applied to
aid the development of industrially relevant phenotypes and to enhance bioproduction
efficacy. Comprehensive profiling of tyrosine phosphorylation allows for an even broader
insight into critical cellular processes and facilitates the rational approaches to cellular

and process engineering.
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