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Abstract

Abstract

The plasma membrane proteome plays a crucial role in inter- and intracellular signaling, cell
survival and cell identity thus rendering it a prominent target for pharmacological intervention.
However, the relatively low abundance of this subproteome in conjunction with challenging
extractability and solubility still hampers its comprehensive analysis. In this thesis, a selective
chemical glycoprotein tagging and enrichment strategy was combined with mass spectrometry
to enable comprehensive analysis of the cell surface glycoproteome. Based on this
methodology, a toolbox of techniques was developed allowing qualitative and quantitative
characterization of cell surface proteomes, facilitating analysis of cell surface
phosphoproteomes as well as studying target engagement of small molecules and
biopharmaceuticals to plasma membrane proteins.

To benchmark the workflow and to provide guidance for cell line selection for functional
experiments, an inventory of cell surface glycoproteomes of 15 standard laboratory human cell
lines and three primary lymphocytic cell types was generated. On average about 850 plasma
membrane and secreted proteins were identified per experiment including in total more than 300
transporters and ion channels. Primary cells displayed distinct expression of surface markers
and transporters underpinning the importance of carefully validating model cell lines selected for
the study of cell surface-mediated processes. For quantitative analysis of dynamic changes in
the cell surface proteome by highly multiplexed experiments, an isobaric mass tag-based
chemical labeling strategy was employed. This enabled the time-resolved analysis of plasma
membrane protein presentation during differentiation of the monocytic suspension cell line
THP-1 into macrophage-like adherent cells. Time-dependent changes observed in membrane
protein presentation and phosphorylation reflect a functional remodeling during the phenotypic
transition in three distinct phases: rapid surface presentation and secretion of proteins from
intracellular pools concurrent with rapid internalization of no longer needed proteins and finally
delayed presentation of newly synthesized macrophage markers. Perturbation of this process
using marketed receptor tyrosine kinase inhibitors revealed the BCR-AbI inhibitor dasatinib to
severely compromise macrophage differentiation due to an off-target activity. Interestingly, this
effect could only be observed when the drug was present during differentiation, suggesting that
dynamic processes can be highly vulnerable to drug treatment and should be monitored more
rigorously to identify adverse drug effects.

The combination of cell surface labeling with the recently described thermal proteome profiling
enabled selective monitoring of protein stability and surface presentation changes in the plasma
membrane proteome. These effects are indicative for direct interactions between an added
substance (small molecule, native ligand or antibody) and a cell surface protein or provide a
readout of downstream pharmacological events. The cell surface thermal proteome profiling
approach enables selective monitoring of treatment-induced effects on cell surface accessible
proteins with excellent coverage of this subproteome. Interferences by intracellularly stored
pools of these proteins are circumvented. The applicability of the approach was demonstrated
by showing target engagement to receptor tyrosine kinases, integrins, ABC transporters and
other target classes. Endogenous ligands like CXCL12, IL2 and VLDL induced target
internalization instead of altered thermal stability. Furthermore, cellular treatment with the
HSP90 inhibitor luminespib during heat-shock enabled the identification of HSP90 clients on the
cell surface of cancer cells.

In summary, this thesis presents a methodological framework which enables the mapping of cell
type specific surface protein presentation and the accurate quantification of changes in this
subproteome upon differentiation or compound treatment. In addition, drug-protein interactions
at the plasma membrane can be monitored via changes in protein thermal stability or cell
surface presentation.

X



Introduction

1. Introduction

1.1. The Plasma membrane proteome

The plasma membrane constitutes the physical interface between a cell and its environment,
and plays a key role in a multitude of processes like intercellular interactions, intercellular
communications and cell adhesion, as well as in outside-in and inside-out signal transmission.
These crucial functions, necessary to sense environmental changes and to respond
appropriately e.g. to autocrine, endocrine or other environmental signals, are performed by
integral plasma membrane proteins as well as membrane associated proteins with extracellular
domains. For instance, adhesion proteins define cell shape and motility (Neugebauer and
Reichardt, 1991), transporters are involved in the influx and efflux of molecules, including
nutrients, salts and bioactive compounds (Anderle et al., 2004; Wollscheid et al., 2009), and
growth factor receptors as well as G-protein coupled receptors (GPCRs) transfer external stimuli
into the cell (Navarro et al., 2016). Importantly, the composition of the plasma membrane
proteome is not static, but cells adjust according to their developmental status, nutrient
availability or external signals (Li et al., 2011).

1.1.1. Constituents of the plasma membrane

The framework of the cell membrane is a lipid bilayer. According to the fluid-mosaic membrane
model, introduced by Singer and Nicholson in 1972 (Singer and Nicolson, 1972), lipids form a
two-dimensional flexible liquid with embedded proteins (Nicolson, 2014). Within this fluid, lipids
as well as proteins are considered to be capable of lateral motions and rotations. Lipids
constitute about 50 % of the mass of most animal cell membranes (Opekarova and Tanner,
2003). These molecules are amphipathic with a hydrophilic polar head and hydrophobic
nonpolar tails usually containing fatty acids. The length and the grade of saturation of these tails
affect the fluidity of the membrane by defining the possible density of lipid packing. In aqueous
environments the amphipathic nature of the lipid molecules causes the spontaneous formation
of a bilayer. Hydrophilic heads are exposed to water molecules forming hydrogen bonds or
electrostatic interactions while the hydrophobic tails are buried in the interior. Due to low van der
Waals attractive forces between most of the fatty acid tails, lateral motions and rotations of lipids
and embedded proteins are enabled. Lipids with long and saturated fatty acid chains can form

transient microdomains or lipid rafts (Simons and van Meer, o) ) @
1988) in which attractive forces are high enough to hold J ( g* ﬂ
adjacent molecules together. These rafts are thicker than y ? p
other parts of the bilayer due to the longer and straighter l\_) l : (\_)
fatty acid chains enabling a better accommodation of lipid raft

certain proteins (Alberts et al.,, 2002, Fig. 1). Thus, lipid . o _

rafts are thought to be involved in membrane protein 9;1 Lipid rafts. Dueto a different
L L ) . lipid composition, the lipid bilayer

organization and consolidation of functional protein (grey) is thicker in the rafts enabling

complexes serving as platforms for signaling, trafficking, accommodation and aggregation of

transport and cell structure (Tan et al., 2008). certain proteins (dark green). (From
Alberts et al., 2002).

Proteins constitute up to 50 % of the mass of most animal
cell membranes (Tan et al., 2008; Opekarova and Tanner, 2003). A schematic illustration of
typical membrane proteins is shown in Fig. 2.
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Fig. 2 Cell membrane and typical membrane proteins. Phospholipids forming a bilayer are the
framework of the cell membrane. Two groups of membrane proteins can be distinguished: integral and
peripheral. Integral membrane proteins span the bilayer or are tethered to the membrane by a covalently
attached lipid anchor group. Peripheral membrane proteins are associated with the membrane by protein-
protein interactions. Glycosylation is a common post-translational modification of plasma membrane
proteins which is indicated by oligosaccharides. (Figure adapted from Alberts et al., 2002).

Proteins can be classified into integral and peripheral membrane proteins based on their
interaction with the membrane. Most integral membrane proteins span the bilayer with one
(single-pass transmembrane proteins) or more (multi-pass transmembrane proteins) domains
buried within the membrane. These transmembrane domains are preferentially composed of
hydrophobic amino acids (Hu et al., 2007), are generally 20 amino acids long (according to
UniProt) and are typically forming a-helical secondary structures (Bowie, 2005). In these
structures, the side chains of the hydrophobic amino acids form van der Waals interactions with
the fatty acid chains of the membrane lipids. This shields the polar groups of the peptide
backbone which are all hydrogen-bonded to one another (Alberts et al., 2002). Other
transmembrane proteins are composed of multiple B-stranded secondary structures. These
form a barrel-like transmembrane pore with hydrophobic outwards-facing and hydrophilic
inwards-facing amino acid side chains. Some other integral membrane proteins are attached to
the membrane by covalently linked lipid anchor groups. Peripheral membrane proteins are
usually bound to the membrane by protein-protein interactions or by interactions with the polar
lipid head groups. Examples of peripheral membrane proteins are cytoskeletal proteins like actin
on the cytosolic face of the cell membrane and extracellular matrix proteins like collagens on the
external face of the cell membrane.

Besides classification of membrane proteins based on their membrane interaction, they can be
also distinguished by their function. The two main functional groups are receptors and
transporters. Receptors are involved in the transmission of signals from the external space into
the cells or vice versa and are used for intercellular communication as well as cell adhesion.
Depending on the cellular environment, complex signaling pathways like proliferation, apoptosis
or differentiation are triggered and controlled by these proteins. Malfunctions can result in
uncontrolled proliferation, loss of apoptotic response or autoimmune reactions leading to
pathogenesis of several diseases like cancer (Cordwell and Thingholm, 2010). Transmission of
external stimuli typically involves a ligand binding event to extracellular domains of integral
transmembrane receptors inducing conformational changes in their intracellular domains.
Subsequent signaling cascades amplify this response at the intracellular part of the receptor,
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resulting in a cellular response to the external stimulus. Based on the process of signal
transmission, five classes of plasma membrane receptors can be distinguished (Cooper, 2000):
() GPCREs, (I) receptor tyrosine kinases (RTKs), (lll) Toll-like receptors, (IV) ligand-gated ion
channels and (V) integrins. GPCRs form the largest family of cell surface receptors transmitting
signals via guanine nucleotide-binding proteins (G-proteins, Kobilka, 2007). Receptor activation
enables G protein association to cytosolic domains of the receptor resulting in the activation of
these molecular switches and transmission of the signal to subsequent signaling cascades. In
case of RTKs, ligand binding induces receptor dimerization and activation of the latent kinase
activity by trans-autophosphorylation of tyrosine residues in the cytoplasmic domain of the
receptor (Hubbard and Miller, 2007). Subsequently, adapter proteins can recognize the
phosphorylated tyrosine residues, get phosphorylated and thereby link the RTK activation to
intracellular signaling cascades. In the same manner, Toll-like receptor signaling involves
intracellular adapter protein binding upon receptor activation and dimerization (Chattopadhyay
and Sen, 2014). However, these receptors are non-catalytic and without an intrinsic kinase
activity. The last two groups of receptors have different modes of action for signal transduction.
In case of ligand-gated ion channels, binding of a ligand modifies the conformation of a
membrane pore thereby regulating ion fluxes across the membrane. This ion translocation along
an electrochemical gradient leads to a maodification of membrane potentials important for signal
transductions in synapses. The last class of receptors comprises the group of integrins forming
functional heterodimers with an alpha and a beta subunit. These receptors are most importantly
involved in cell adhesion as a large number of integrin ligands are components of the
extracellular matrix, including collagens, fibronectins, fibrinogen, laminins and vitronectin (Plow
et al.,, 2000). Integrins are pre-activated by integrin activators like talin which bind to the
cytoplasmic domain of the beta subunit of the receptor (Harburger and Calderwood, 2009). This
activation probably disrupts the inhibitory interactions between alpha- and beta-cytoplasmic tails
and increases the affinity of the receptor for its ligands (Wegener et al., 2007). Ligand binding
induces the formation of intracellular protein clusters composed of the receptor and anchor
proteins triggering intracellular signaling pathways with two major functions: organization of the
actin cytoskeleton and regulation of cell behavior including survival, differentiation and growth
(Cabodi et al., 2010). Initial connections between the extracellular matrix (ECM) and the
cytoskeleton are further reinforced by recruitment of additional cytoskeletal and signaling
proteins forming multiprotein complexes and maturing cell adhesion (Giannone and Sheetz,
2006; Harburger and Calderwood, 2009).

The cell membrane forms a physical permeability barrier between the external environment and
the internal compartments of a cell. This enables a controlled migration of molecules across the
membrane which is regulated by transmembrane transporters. These contain multiple
membrane-spanning regions that form a passage through the lipid bilayer, allowing polar or
charged molecules like sugars or amino acids to cross the membrane through a protein pore
(Cooper, 2000). Two classes of transporters can be distinguished: channels and carriers.
Channels form pores within the membranes which can be in an opened or closed conformation
(Shaikh et al., 2010). The selectivity of the channels is defined by size and polarity of the pore.
This enables selected molecules to pass the cell membrane in an energetically favorable
direction along a concentration and electrochemical gradient known as passive transport.
Examples are the inorganic ion channels for Na*, K*, or CI. In contrast to channels, carriers
facilitate the passage of selected molecules by switching between conformational states. Upon
substrate binding on one side of the membrane, conformational changes open a channel
through the lipid bilayer and result in the release of the molecule on the other side. Examples for
passive transport carriers are the facilitative glucose (Mueckler and Thorens, 2013) and
nucleoside transporters of the solute carrier (SLC) group of membrane transporters. The
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transport rate of these proteins is much lower than for channels, however, it also bears the
capability of active transport of molecules in an energetically unfavorable direction using cellular
energy. Two forms of active transport can be distinguished: primary and secondary active
transport. Transporters using the first form are typically pumps which use metabolic energy e.g.
released by ATP hydrolysis. Examples are sodium-potassium pumps and multidrug resistance
transporters. For secondary active transport, used by antiporters and symporters, the released
entropic energy of the transport of one substrate along its concentration gradient is used to
transport a second substrate in an energetically unfavorable direction.

1.1.2. Post-translational modifications of plasma membrane proteins

Many biological processes, like signal transduction or transmembrane transport, require
adjustment of protein conformational state in an appropriate time scale. In addition, correct
protein function is often defined by context-dependent integration of signals. Post-translational
modifications (PTM) introducing a covalent but reversible modification in an amino-acid residue
(Prabakaran et al.,, 2012) is one way used by nature to cope with these demands. Protein
phosphorylation and N-linked glycosylation are among the most frequently experimentally
observed PTMs (Prabakaran et al., 2012). Especially phosphorylation is used for dynamic
information encoding in molecular biology. Addition of phosphoryl groups at multiple
phosphorylation sites enable complex modification patterns and gives rise to a high number of
combinatorial possibilities. These allow accurate cellular responses to a wide variety of
environmental stimuli and cellular mechanisms. In case of plasma membrane proteins,
phosphorylation-based information encoding is used for several processes like regulation of
membrane potentials by ion channels (Prabakaran et al., 2012), signal transduction by GPCRs
(Prabakaran et al., 2012) and regulation of transmembrane protein trafficking (Offringa and
Huang, 2013).

Glycosylation of proteins is one of the most important PTMs (Christiansen et al., 2014) with
special relevance for plasma membrane proteins. Cell surface attached glycans are involved in
numerous biological functions like cell adhesion, intercellular communication and signal
transduction (Christiansen et al., 2014). Furthermore, they are involved in protein folding,
protein trafficking to the plasma membrane via the secretory pathway (Moharir et al., 2013) and
altering protein turnover (Moremen et al., 2012). Glycosylation is an enzyme-directed and site-
specific process occurring in the lumen of the endoplasmic reticulum or in the Golgi complex
(Xu and Ng, 2015). Approximately 700 proteins are thought to be required to generate the full
diversity of mammalian glycans which are assembled from only ten monosaccharides
(Moremen et al., 2012). Due to numerous possibilities for branching and anomeric linkage,
glycan structures can be highly complex with a diversity greatly exceeding linear nucleic acid or
polypeptide structures (Cummings, 2009). Microheterogeneity, induced by competition among
multiple enzymes involved in the glycosylation process, can even increase the complexity by
generating diverse glycan modifications at the same glycosylation site of otherwise identical
proteins (Schachter, 1991). This diversity can enable protein functional pleiotropy in a cellular
context dependent manner (Moremen et al., 2012). For cell surface proteins the two most
prominent forms of this post-translational modification are N-linked and O-linked glycosylation.
Typical N-linked and O-linked oligosaccharides, which in vertebrates are usually terminated by a
negatively charged sialic acid residue (Varki, 2007), of transmembrane and secreted proteins
are illustrated in Fig. 3.
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Fig. 3 Typical N- and O-linked oligosaccharides of transmembrane and secreted proteins. N-linked
glycosylations are usually branched oligosaccharides linked to the amide nitrogen of an asparagine via a
GIcNAc. O-linked glycosylations are linked to the hydroxyl group of a serine or threonine typically via a
GalNAc. In vertebrates glycosylations are generally terminated by a sialic acid residue. Fuc, fucose; Gal,
galactose; GalNAc, N-acetylgalactosamine; Glc, glucose; GlcNAc, N-acetylglucosamine; Man, mannose;
S, sulphate ester, Sia, Sialic acid. (Figure modified from Varki, 2007).

In case of N-linked glycosylations, oligosaccharides are linked via an N-acetylglucosamine
(GIcNACc) to the amide nitrogen of an asparagine. This reaction is catalyzed by the multimeric
enzyme complex oligosaccharyltransferase transferring a preassembled lipid-linked
oligosaccharide to selected asparagines within a consensus peptide sequence of N-X-S/T
where X can be any amino acid except proline (Mohorko et al., 2011; Moremen et al., 2012).
Other described but far less often occurring N-glycosylation sequence motifs are N-X-C,
representing about 1 % of all sites in the mouse glycoproteome (Zielinska et al., 2010), N-G and
N-X-V (Moremen et al., 2012). N-linked glycosylation is close to ubiquitous on proteins localized
to the plasma membrane (Cordwell and Thingholm, 2010) and enriched in proteins destined for
extracellular environments (Roth, 2002). In case of O-linked glycosylation, a generally shorter
oligosaccharide is linked to the hydroxyl group of a serine or threonine often via
N-acetylgalactosamine (GalNAc). In contrast to N-linked glycosylation, O-linked glycosylation
shows no consistent sequence motif and depends on the linking carbohydrate residue
(Moremen et al., 2012). However, a general preference for proline residues around glycosylated
serines and threonines has been observed (Thanka Christlet and Veluraja, 2001).

1.1.3. Role of plasma membrane proteins in pharmacology

Due to the crucial roles of membrane proteins in many biological processes required for normal
development and physiology, aberrant function of these proteins can lead to a range of
diseases (Tan et al., 2008). For example, functional disorder of adhesion proteins can result in
increased susceptibility for infections, malfunctions of transport proteins are involved in epilepsy,
schizophrenia or depression and dysfunctional signal transduction proteins participate in the
genesis and progression of many human cancers (Tan et al., 2008). Furthermore, during
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malignant cell transformation, major changes in the plasma membrane proteome enable
cancerous cells to invade tissue, trigger vascularization, evade the immune system and become
independent of external survival signals (Hanahan and Weinberg, 2000). Other examples
highlighting the role of cell membrane proteins in ailments are autoimmune diseases. In these,
the immune system erroneously targets normal healthy body cells often via cell surface proteins
(De Baets, 1994) resulting in chronic inflammatory and destructive diseases like rheumatoid
arthritis and diabetes mellitus (Klabunde and Hessler, 2002; Overington et al., 2006). In line with
these implications of membrane proteins in major types of diseases, approximately 60% of all
FDA approved drugs target transmembrane proteins reflecting the pharmacological relevance of
cell surface proteins. GPCRs (>25%) and ion channels (>10%) are the most frequently targeted
protein classes (Klabunde and Hessler, 2002; Overington et al., 2006). Amongst the topl0
globally selling drugs in 2014, 8 drugs were directly or indirectly targeting membrane proteins
(Lindsley, 2015). For drugs with intracellular targets, the plasma membrane poses a barrier for
influx and efflux. Drugs can be actively transported out of cells by ATP-binding cassette (ABC)
transporters which couple ATP hydrolysis to the active efflux of small molecules. Amplified ABC
transporter activity is a common mechanism towards resistance of cancer cells against
chemotherapeutics (Gottesman et al., 2002). In contrast to drug efflux, the route of drug influx is
controversially discussed. Besides the broadly accepted uptake by passive diffusion (Di et al.,
2012) there is growing evidence for active transport mechanisms (Dobson and Kell, 2008; Kell
et al., 2013) via solute carrier (SLC) transporters (Dobson and Kell, 2008; Cha et al., 2001;
Kimura et al., 2005). Recently, Winter et al. demonstrated that the cell toxicity of the
chemotherapeutic YM155 is dependent on protein-mediated transport via SLC35F2 thus linking
expression of this transporter to efficacy of the drug (Winter et al., 2014).

1.1.4. Analysis of plasma membrane proteins

Several methods for cell surface protein analysis are available including immunostaining,
transcript profiling and proteomics. Antibody-based approaches like enzyme-linked
immunosorbent assay (ELISA), immunoblotting, immunohistochemistry, fluorescence
microscopy and flow cytometry are frequently used techniques for the analysis of proteins of this
subcellular location enabling simple and quick detection of protein expression in lysates, tissue
sections and live cells. However, a limitation of most of these methods is their lack of
multiplexing capabilities necessary for high-throughput proteome-wide analyses. An exception is
a described flow cytometry platform for rapid analysis of more than 350 cell surface antigens
(Gedye et al., 2014). However, the major limitation of all immunoaffinity methods is there
reliability on antibody availability making these approaches inherently biased.

For systematic investigations of cell surface proteins “omic” approaches like transcriptomics and
proteomics are preferentially utilized (Graessel et al., 2015). RNA-sequencing methods are
highly sensitive enabling transcript profiling with single cell resolution (Kanter and Kalisky, 2015;
Liu and Trapnell, 2016). However, transcript abundances only partially predict protein
abundances (Vogel and Marcotte, 2012) since post-transcriptional, translational and protein
degradation regulations influence protein levels (Vogel and Marcotte, 2012; de Sousa Abreu et
al., 2009). Furthermore, information about protein subcellular localization is not available with
transcriptomic approaches. Thus, comprehensive investigation of protein expression is
commonly performed by mass spectrometry-based proteomics. Although less sensitive than
transcriptomic approaches, proteomics enables precise protein abundance and protein copy
number estimations (Wisniewski et al., 2014) as well as distinction of protein subcellular
localizations (Marx, 2015; Boisvert et al., 2010).
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While early work on the plasma membrane proteome provided first insights into the protein
diversity in this cellular compartment (Pshezhetsky et al., 2007), the relatively low abundance of
many plasma membrane proteins and limited compatibility with generic proteomics protocols
are major obstacles for the comprehensive analysis of this subproteome (Cordwell and
Thingholm, 2010). Reducing sample complexity by selective enrichment and purification of cell
surface proteins can increase sensitivity leading to an improved dynamic range and enabling an
enhanced identification of low abundant proteins. Traditional approaches involve chemical
precipitation and/or density gradient ultra-centrifugation, separating membrane proteins from
soluble proteins via physical properties like hydrophobicity and organelle density. However,
these methods lack the resolution to provide highly purified plasma membrane fractions
(Cordwell and Thingholm, 2010). Another enrichment strategy involves selective proteolytic
cleavage of surface-exposed domains of plasma membrane proteins on intact cells. This cell-
surface shaving concept could provide information about cell surface topology and avoids the
need for hydrophobic protein solubilization. However, instability of cells during protease
treatment and subsequent cell removal by centrifugation can result in pronounced
contamination with abundant cytoplasmic proteins (Cordwell and Thingholm, 2010). Other
frequently used methods for plasma membrane proteome analysis are based on affinity
enrichments using immuno-affinity, lectin-affinity and biotin-affinity protocols. Immuno-affinity
based approaches were shown to enable highly selective enrichment of cell surface proteins
(Watarai et al., 2005). However, these approaches again are reliable on antibody availability
and are biased in nature. Lectin-based affinity purification exploits the fact that cell surface
proteins are close to ubiquitously glycosylated (Cordwell and Thingholm, 2010) and that lectins
are glycan-binding proteins with selectivity for specific carbohydrates. The use of multiple lectins
can enable a high coverage of plasma membrane proteins. The last group of affinity
enrichments involves selective biotinylation of surface exposed plasma membrane proteins
either via accessible lysines or again via glycans. Membrane impermeable
N-hydroxysuccinimide ester (NHS) biotinylation reagents allow selective biotinylation of surface
accessible amine groups. However, since the biotinylation reaction per se is not selective for
plasma membrane proteins, instability of cells during the biotinylation process can result in
pronounced contamination with abundant cytoplasmic proteins. This problem can be
circumvented by selective biotinylation of surface proteins via their glycosylations as most
cytosolic proteins do not carry this post-translational modification. The glycosylation-based
biotinylation process requires two individual reaction steps which additionally increases the
selectivity for cell surface exposed proteins. An illustration of the method is shown in Fig. 4.
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Fig. 4 Biotinylation of cell surface sialylated glycoproteins. Schematic illustration of alkoxyamine-
biotin labeling of sialylated cell surface proteins after introduction of aldehydes by periodate oxidation.
(Figure modified from Zeng et al., 2009).
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In the first step, treatment of cells with the oxidant sodium metaperiodate induces reactive
aldehydes primarily in sialylated glycans by vicinal diol cleavage. Since aldehydes are not
naturally occurring in proteins, the second step enables selective biotinylation of plasma
membrane proteins by oxime ligation. This reaction is biocompatible, very efficient and
chemoselective (Ulrich et al., 2014). Usage of an endoglycosidase like PNGase F for elution of
enriched biotinylated species constitutes an additional selection factor for cell surface proteins.
To reduce sample complexity, the enrichment of labeled proteins is commonly performed after
tryptic digestion enabling selective enrichment of glycosylated peptides and reducing
contamination by non-specific proteins. This glycan-based plasma membrane proteome
enrichment approach has been successfully applied to identify cell surface markers or to map
the cell surface proteome of cell lines (Wollscheid et al., 2009; Bausch-Fluck et al., 2015).
Further optimized protocols using the oxime-ligation catalyst aniline (Fig. 5) enabled increased
speed and efficiency at physiological pH and low temperatures while maintaining high cell
viability (Zeng et al., 2009). However, a comparison with the coverage achieved by RNA
microarrays suggests that these initial studies may have offered only an initial glimpse on the
true complexity of the cell surface proteome (Graessel et al., 2015).
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Fig. 5 Catalysis of oxime ligations by aniline. The initial step of the uncatalyzed reaction is slow since
it requires protonation of the aldehyde, but not of the alkoxyamine group. Upon addition of the
alkoxyamine reagent to the aldehyde, the formed carbinolamine is converted to the oxime ligation product
by dehydration. Excess of aniline catalyzes the oxime ligation by forming a protonated aniline Schiff base
with the aldehyde. This intermediate readily reacts with alkoxyamine reagent forming the oxime ligation
product upon loss of aniline. (Figure adapted from Kohler, 2009).

The initial step of the uncatalyzed oxime ligation is slow since it requires protonation of the
aldehyde, but not of the alkoxyamine group. Upon addition of the alkoxyamine reagent to the
aldehyde, dehydration of the formed carbinolamine results in the oxime ligation product. Excess
of aniline catalyzes the oxime ligation by forming a protonated aniline Schiff base. This
intermediate readily reacts with alkoxyamine reagent forming the oxime ligation product upon
loss of aniline.
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1.2. Quantitative mass spectrometry based proteomics in drug
discovery

Mass spectrometry (MS) based proteomics has developed into an indispensable tool for
molecular, cellular and systems biology (Aebersold and Mann, 2003). The basic principle of this
approach is the identification of proteins on the basis of detected unique fragment masses. It
involves the generation of ions, their transfer into the gas phase and the subsequent separation
according to their mass to charge ratios (m/z). Along with qualitative identification of proteins,
ion intensities can be used for quantitative characterizations. Furthermore, detection of exact
masses by MS enables determination of post-translational modifications. The aspect of
unbiased identification of peptides and proteins as well as modifications by MS enables
proteomics to be used in an assumption-free manner and as a powerful tool in the field of
molecular cell biology. However, the broad application of proteomics in science has only
become possible due to the introduction of electrospray ionization (ESI) and matrix-assisted
laser desorption ionization (MALDI) in the 1980s both enabling efficient ionization and
vaporization of labile molecules such as proteins (Mann, 2016). Steady improvements in
methodologies and instrumentations have allowed current proteomic approaches to sequence
femtomole amounts of peptides from complex mixtures (Mann, 2016), to identify more than
10,000 proteins from single cell systems (Geiger et al., 2012; Pagala et al., 2015), to map post-
translational maodifications (Choudhary and Mann, 2010) and to analyze protein-protein (Dengjel
et al., 2010) as well as drug-protein (Savitski et al., 2014) interactions in living cells.

1.2.1. Basics of mass spectrometry-based proteomics

Currently there are two complementary strategies for mass spectrometric analysis of proteins
(see Fig. 6): the top-down and the bottom-up approache (Chait, 2006).
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Fig. 6 Comparison of bottom-up and top-down mass spectrometry for protein identifications. In
the bottom-up approach, proteins of interest are digested with a peptidase followed by mass
spectrometric analysis of the resulting peptides in two steps. First, masses of intact peptides are
determined (labeled “MS”). Second, peptide ions are selected and fragmented to gain information about
peptide sequence, protein identity and post-translational modifications (labeled “MS/MS”). In the top-
down approach, intact protein ions are directly fragmented and analyzed in the mass spectrometer. This
yields information about the protein molecular mass and protein sequence. (Figure adapted from Chait,
2006)
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The top-down approach aims at identifying and characterizing intact proteins by generating
protein fragment ladders in the mass spectrometer. This enables discrete identification of
protein isoforms as well as endogenous protein cleavages. Despite its technical challenges in
protein fractionation, ionization and fragmentation, top-down proteomics can be used for large-
scale proteome analysis identifying more than 1000 proteins with molecular weights of up to
100 kDa (Tran et al., 2011). However, most proteomic studies utilize the bottom-up proteomic
approach which is also termed “shotgun proteomics”. It involves protein digestion prior to MS
analysis thereby circumventing the lack of efficient fractionation methods for intact proteins
(Tran et al., 2011). Furthermore, peptides can be ionized more efficiently, produce less complex
spectra and yield fragmentation spectra which are easier to interpret. A typical bottom-up
proteomics workflow is illustrated in Fig. 7.
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Fig. 7 Scheme of a bottom-up proteomics workflow. Proteins are extracted from a biological source
like cell cultures or tissues and often purified by SDS-PAGE. Proteins are in-gel digested and the
resulting peptide mixture is separated using single or multi-dimensional liquid chromatography. Peptides
are ionized using electro spray ionization and analyzed by a mass spectrometer. Finally, the peptide-
sequencing data are searched against protein databases. (Figure modified from Steen and Mann, 2004)

Proteins are extracted from cell culture or tissue followed by an optional protein fractionation
step e.g. by gel electrophoresis. Subsequently, they are digested into peptides using a protease
like trypsin. This protease is commonly used in proteomic workflows due to its high cleavage
specificity and stability. Furthermore, by cleaving after unmodified lysines and arginines, this
enzyme generates defined peptide fragments with an optimal average length of 14 amino acids
and typically at least two defined N-terminal and C-terminal positive charges (Burkhart et al.,
2012). Peptides are separated using reversed phase chromatography under acidic conditions,
ionized by electrospray ionization and analyzed in the mass spectrometer. To reduce sample
complexity, peptide mixtures can also be pre-fractionated prior to the MS analysis with
separation mechanisms orthogonal to acidic reverse phase chromatography. During MS
analysis, masses of eluting peptides (precursors) are determined by MS1 scans typically
followed by fragmentation of selected precursors and detection of fragment ions in MS2 scans
(MS/MS spectra). In data dependent acquisition mode, a fixed number of the most abundant
precursor ions (TopN, often five or ten) is consecutively isolated and fragmented. The
fragmentation is performed by an energy transfer in the gas phase and results in a characteristic
breakage of the weakest bonds within the peptide which are typically the amide bonds between
amino acids (Steen and Mann, 2004). Ideally, breakage occurs to a similar degree at each
amide bond generating a ladder from which the amino acid sequence can be directly derived.
However, typical MS/MS spectra contain only partial sequence information, necessitating
statistical algorithms to determine the best match to a protein database. For that, a search
engine like Mascot (Perkins et al., 1999) matches observed precursor and fragment masses
with in silico digested and fragmented peptides derived from a protein database, and returns a
probability-based ranking of matching peptide sequences.

1.2.1.1. lonization methods

The two common ionization methods used in proteomic approaches are matrix-assisted laser
desorption ionization (MALDI) and electrospray ionization (ESI). Both methods are suitable for
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an efficient ionization and low fragmentation of non-volatile analyte molecules (Karas et al.,
1987; Ho et al., 2003). For MALDI, analyte molecules are co-crystallized with an excess of a
suitable matrix, commonly sinapinic acid, a-cyano-4-hydroxycinnamic acid or 2,5-
dihydroxybenzoic acid. These matrices absorb light upon a pulsed irradiation by a laser which
triggers ablation and desorption of analyte and matrix molecules. Subsequently, the analyte
molecules, either ionized already in the co-crystal or during the desorption process in the gas
phase, can be accelerated into the mass spectrometer by applying an electrical field. The
MALDI methodology is illustrated in Fig. 8.
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Fig. 8 lllustration of MALDI. Matrix molecules absorb light upon a pulsed irradiation by a laser which
triggers ablation and desorption of analyte and matrix molecules. lonized molecules are accelerated into
the mass spectrometer by applying an electrical field. (Figure modified from Gross, 2013)

lense

In comparison to the pulsed mode of action of MALDI, ESI generates ions continuously at
atmospheric pressure thus enabling combination with online liquid chromatography to unravel
complex sample mixtures. Reversed-phase chromatography is most suitable with ESI due to the
use of a compatible volatile mobile phase. The principle of ESI involves formation of a fine
aerosol containing analyte ions in a high voltage electrical field. Subsequent solvent
evaporation, often supported by nitrogen as drying gas, results in the formation of free ions in
the gas phase which are accelerated towards the mass spectrometer. For an efficient
desolvation of the ions, typically water is mixed with volatile solvents like acetonitrile. Additional
acidic modifiers like formic acid serve as proton donors to produce peptides with net positive
charge and potentially generate ion-pairing effects allowing an improved separation of ionic and
highly polar substances in reversed phase chromatography (Chakraborty and Berger, 2005).
Further addition of additives like DMSO is described to improve sensitivity of protein
identification in bottom-up proteomics (Hahne et al., 2013). In the ESI source, the aerosol is
generated by applying a potential difference between the capillary exit and the mass
spectrometer entrance. For example, a negatively charged entrance attracts cations which are
eluting from the spray needle thereby leading to the formation of a Tylor cone emitting a jet of
liquid droplets (Taylor, 1964). Due to electrostatic repulsion, these droplets with similar charge
drift apart and generate a fine spray. Evaporation of the solvent leads to a decreasing droplet
size with increasing charge density until the electrostatic repulsion exceeds the surface tension
of the solvent (Rayleigh, 1882). If this Rayleigh limit is exceeded, the droplets explosively
decompose, leaving a stream of charged ions. This ESI methodology is illustrated in Fig. 9.
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Fig. 9 Schematic illustration of the electrospray ionization process. The analyte solution is exiting a
needle to which a high voltage is applied. The electric field gradient between the ESI needle and the
counter electrode forms a Taylor cone with an excess of positive charges on its surface emitting a jet of
liquid droplets. The solvent of the droplets evaporates, resulting in an explosive decomposition after
exceeding the Rayleigh limit and leaving a stream of charged ions (Figure modified from Cech and Enke,
2001).

1.2.1.2. Mass analyzers

Several mass analyzers with different underlying physical principles are available and are often
combined in hybrid instruments. This combination allows exploitation of the unique
characteristics of the respective analyzer and increases the instruments application range. The
performance of mass analyzers can be described on the basis of four properties: precision,
accuracy, resolution and dynamic range. The mass precision of an analyzer describes the
variation of detected masses between several measurements for the same mass while mass
accuracy describes the proximity of experimentally observed masses to the true mass (Cox and
Mann, 2009). Current instruments can achieve mass accuracy in the low parts per million (ppm)
range. Resolution is a measure for the ability to distinguish two neighboring masses. This
parameter is calculated by dividing the mass of an observed peak by its width. The resolution of
some mass analyzers like the Orbitrap is dependent on the analyzed mass to charge ratio with
lower resolving power at higher mass ranges (Makarov et al., 2009). Finally, the dynamic range
of a mass analyzer describes its capability to distinguish high and low signal intensities in a
spectrum and is defined as the ratio of the strongest signal to the weakest signal. The four most
commonly used mass analyzers are the time of flight (TOF) analyzers, the quadrupole mass
analyzers, the linear ion traps and the Orbitraps. As TOF analyzers were not used in this thesis,
they will not be discussed.

The quadrupole mass analyzer is commonly used as mass filter or as pure transfer optics in
hybrid mass spectrometers. It consists of four hyperbolic or cylindrical rod electrodes arranged
squarely around a longitudinal axis. An electrical potential, consisting of a direct current and an
alternating current component, is applied to opposing rod pairs which leads to alternating
attractive and repulsive forces on ions in the x- and y-directions. lons within a specific m/z range
can pass the quadrupole in z-direction on stable trajectories while others collide with the rod
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electrodes. Continuous or discrete changes in rod potentials enable selection of ions with
defined m/z.

Linear ion traps combine the capabilities of mass selection, fragmentation and detection.
Although their mass accuracy and mass resolution is relatively low compared to other mass
analyzers like Orbitraps, linear ion traps have a high sensitivity and enable fast cycle times.
Similar to the quadrupole mass analyzer, they consist of four rod electrodes arranged squarely
around a longitudinal axis to confine ions radially. In addition, trapping electrodes at the ends of
the quadrupole allow confining the ions axially. Modulation of the rod potentials enables
selection and trapping of ions with defined m/z while changes in the potentials of the trapping
electrodes allow mass-selective ejection of trapped ions in axial direction. Furthermore, if the
linear ion trap is combined with electron multipliers, a mass-selective ejection of ions in x-
direction towards these ion detectors enables record of mass spectra. Besides recording
precursor ion mass spectra, ion traps are typically used for ion fragmentation. For that purpose,
ions within a specific m/z range are trapped, excited and subsequently fragmented by collision
induced dissociation (CID). However, ion trap fragmentation has an inherent critical drawback:
the low mass cutoff (LMCO, Yang et al., 2009). Fragmentation can result in the generation of
ions with lower m/z compared to the precursor ion. lon traps fail to retain these fragment ions at
the lower end of the m/z range. Although LMCO does not seriously hamper peptide
identification, it might negatively influence peptide quantification with multiplexed isobaric tag
reagents (Yang et al., 2009).

The Orbitrap mass analyzer is based on the Kingdon trap (Kingdon, 1923) and allows mass
spectrometric analysis of ions with high accuracy and sensitivity. For that, ions are trapped on
stable trajectories around a coaxial inner spindle-like electrode surrounded by an outer barrel-
like electrode (see Fig. 10).

Fig. 10 Orbitrap mass analyzer. lons are captured in a quadro-logarithmic electrostatic field. An outer
electrode enclosing a central spindle electrode consists of two halves separated by a dielectric material.
The image current of ions moving as concentric rings along the central electrode (oscillations in axial
direction denoted as z in the drawing) is picked up by the outer electrode sections (Figure adapted from
Scigelova et al., 2011)

The outer electrode is split into two halves enabling detection of image currents induced by
axially oscillating ions. Prior to the transmission into the Orbitrap, ions are accumulated in the
C-trap. This RF-only c-shaped quadrupole enables injection of short and highly condensed ion
packages into the Orbitrap. Transmission of the packages into the Orbitrap off its plane of
symmetry (red arrow in Fig. 10) automatically initiates harmonic axial oscillations of the ions. In
addition, the ions orbit in a circular trajectory around the central electrode. Both movements
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result in a stable spiral-like trajectory around the central electrode (red shaded area in Fig. 10).
While oscillation in radial direction (r) is dependent on the initial energy of the ions, axial (z)
oscillation is independent of all initial parameters and depends only on the mass to charge ratio
of the ions. Finally, the frequency readout of axial oscillations of all ions can be converted into a
mass spectrum by Fourier transform mathematical operations. Since the Orbitrap can only be
used as mass detector but not as mass filter or for ion fragmentation, it is normally combined
with a linear ion trap, or a quadrupole and a dedicated collision cell. Such hybrid devices with an
Orbitrap mass analyzer are marketed exclusively by Thermo Fisher Scientific. The following
three hybrid devices were used in this thesis: LTQ Orbitrap XL, Q Exactive (Plus, HF) and
Orbitrap Fusion Lumos. Schematic illustrations of the three devices are shown in Fig. 11.
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Fig. 11 Schematic illustrations of hybrid mass spectrometers.(A) The LTQ Orbitrap XL is an
upgraded version of the LTQ Orbitrap which was the first hybrid instrument containing an Orbitrap cell.
(B) The benchtop instrument Q Exactive combines a quadrupole mass filter and an Orbitrap mass
analyzer. (C) The Orbitrap Fusion Lumos is the newest addition to the Orbitrap hybrid device family
combining a quadrupole mass filter, a dual-pressure linear ion trap and an Orbitrap mass analyzer.
(Figures modified from planetorbitrap.com)

The LTQ Orbitrap XL combines high accuracy and high precision of the Orbitrap mass analyzer
with high sensitivity and fast cycle times of the linear ion trap (Olsen et al., 2007). In this setup,
the Orbitrap is usually used for measuring precursor ion masses at high resolution concomitant
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with rapid precursor ion isolation, fragmentation and acquisition of fragment spectra in the linear
ion trap. To circumvent the limitation of LMCO in case of linear ion trap fragmentation, an
additional HCD cell was implemented in the LTQ Orbitrap XL (Olsen et al., 2007). For HCD
fragmentation, the precursor ions are selected by the linear ion trap and transmitted to the HCD
cell. Following HCD, fragment ions are accumulated in the C-trap and fragment spectra can be
acquired in the Orbitrap. A drawback of HCD fragmentation and fragment spectra acquisition in
the Orbitrap is the slower cycle time as all mass measurements are performed successively in
the Orbitrap cell. Furthermore, inefficient ion transfers lead to a lower sensitivity. To address the
latter drawback, improvements in design and electronics, enabling a more sensitive ion transfer,
were incorporated in the next generations of LTQ Orbitraps like the LTQ Orbitrap Velos (Olsen
et al.,, 2009) and the LTQ Orbitrap Elite (Michalski et al., 2012). This development has made
HCD fragmentation suitable for standard proteomic experiments.

Compared to the LTQ Orbitrap XL and the Orbitrap Fusion Lumos, the Q Exactive is a
benchtop-sized mass spectrometer. This hybrid device combines a quadrupole mass filter with
the Orbitrap mass analyzer (Michalski et al., 2011). The quadrupole can be used for rapid
precursor ion selection followed by HCD fragmentation and high resolution spectra acquisition
with the Orbitrap mass analyzer. Shorter ion paths, the lack of a linear ion trap and further
improvements on electronics improved the sensitivity and increased the sequencing speed of
this hybrid device.

The Orbitrap Fusion Lumos is the newest addition to the Orbitrap hybrid device family
combining a quadrupole mass filter, a dual-pressure linear ion trap and an Orbitrap mass
analyzer. The dual-pressure linear ion trap consists of two linear ion traps operated at a higher
and a lower pressure. The higher pressure is beneficial for efficient trapping, isolation and
fragmentation of ions while the lower pressure enables faster mass spectra acquisition (Olsen et
al., 2009). The setup of the Orbitrap Fusion Lumos allows parallelization of MS and MS"
analyses with high acquisition rates in the Orbitrap and linear ion trap. Furthermore, multiple
fragmentation techniques like CID, HCD and ETD are available at any stage of MS". These
capabilities are for example utilized for the synchronous precursor selection (SPS) method
enabling more accurate multiplexed quantification via isobaric mass tags which suffers from
reporter ion ratio distortion in the MS? spectra caused by co-fragmentation of co-isolated
interfering species (Savitski et al.,, 2013). SPS enables selective co-isolation and co-
fragmentation of multiple MS? fragment ions for accurate reporter ion quantification in the MS?
spectra (McAlister et al., 2014).

1.2.1.3. Fragmentation methods

Peptide ion fragmentation ideally generates a fragment ladder, from which the amino acid
sequence can be directly inferred. Commonly used fragmentation techniques are electron
transfer dissociation (ETD), collision induced dissociation (CID) and higher-energy collisional
dissociation (HCD). In case of the latter two fragmentation methods, ions are excited and
collided with an inert gas like helium or nitrogen. CID is commonly used for fragmentation in
linear ion traps. After isolation and excitation of precursor ions in the ion trap, the inert gas is
supplied. Subsequently, random collisions between the excited ions and the gas molecules lead
to the conversion of the ions” kinetic energy to vibrational internal energy (Pejchinovski et al.,
2015) resulting in characteristic breakage of the weakest bonds within the peptide ion. For CID
and HCD fragmentation, these are typically the amide bonds between amino acids (Steen and
Mann, 2004). If the charge is retained on the N-terminus, b-ions are generated. If the charge is
retained on the C-terminus, y-ions are generated (see Fig. 12). Other possible bond breakages
result in the formation of a- and c-ions or x- and z-ions.
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Fig. 12 Peptide fragmentation notation using the scheme of Roepstorff and Fohlman. (Figure
adopted from Roepstorff and Fohlman, 1984)

The generated fragment ions can be analyzed either directly in the linear ion trap or, in case of
hybrid devices, with another mass analyzer. For HCD, a fragmentation method specific for
Orbitrap mass spectrometers, precursor ions are accumulated in a multipole collision cell. After
higher-energy excitation of ions, collisions with inert gas molecules lead to fragmentation of
peptide ions by preferential breakage of amide bonds. Depending on the mass spectrometer,
generated fragment ions can be analyzed either in the Orbitrap or another mass analyzer. The
third fragmentation technique, ETD, results in the preferential formation of c- and z-ions by
transferring electrons to peptide cations. In a first step, radical anions are formed in a dedicated
reaction chamber commonly by chemical ionization of fluoranthene. Subsequently, these radical
anions are mixed, typically in an ion trap, with isolated precursor ions. Upon electron transfer to
the positively charged ions, these ions are cleaved resulting in fragment ion formation.

Each of the three described fragmentation methods has been shown to have advantages and
disadvantages for peptide fragmentation and identification. CID is fast but suffers from LMCO in
ion traps. In turn, HCD fragmentation circumvents this limitation, however, this method is less
sensitive compared to CID (Jedrychowski et al., 2011) and higher levels of dissociation energy
could lead to further fragment ion breakage (Pejchinovski et al., 2015). ETD fragmentation has
been shown to be especially suited for identification of PTMs, however, it is the least effective
fragmentation method (Pejchinovski et al., 2015).

1.2.2. Quantitative proteomics

Besides generating qualitative lists of identified proteins e.g. in a cell system, quantitative
proteomics adds additional information on protein abundances. Two principle types of
guantification can be distinguished: Absolute quantification and relative quantification. Absolute
guantification enables determination of concentrations or copy numbers per cell while relative
guantification measures the difference in abundance between samples. However, peptide and
protein abundances cannot be simply inferred from MS signal intensities since other factors like
peptide structure and the surrounding matrix unpredictably influence the readout (Bronstrup,
2004). By comparing MS intensities of ions with the same physicochemical properties, these
unpredictable influences can be circumvented. This can be either achieved by comparing
intensities between the same peptides in separate MS analysis runs, also termed label-free
guantification, or by comparing intensities of isotopologue peptides in one MS analysis run after
labeling samples with stable isotopes (Fig. 13).
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Fig. 13 Common quantitative proteomic workflows and their impact on quantitative accuracy.
Blue and yellow boxes represent two experimental conditions. Horizontal lines indicate sample pooling.
Dashed lines indicate the points at which experimental variations and thus quantification errors can
occur. The earlier the samples are pooled, the less variability is introduced during the sample workflow
(Figure modified from Bantscheff et al., 2012)

Every additional processing step that is conducted separately on the samples during a
guantitative proteomics workflow can introduce variability which reduces the precision of
guantification. The precision can be affected even more by separate MS analyses, as hecessary
in label-free approaches. In general, the later samples are combined, the less accurate is the
guantification and the more replicates are necessary to detect small effects. Stable isotope
labeling enables sample pooling at different stages during the workflow thereby reducing the
susceptibility to accumulate variability. In principle, metabolic labeling enables most accurate
guantification due to early sample pooling already on cellular level. However, it might not be
applicable for all sample types like primary tissues or primary cells.

1.2.2.1. Relative quantification

For relative quantification, label-free, metabolic labeling, chemical labeling and spiked standards
approaches are available. The latter three are based on stable isotope labeling. While label-free
guantification does not require an extra step for stable isotope incorporation and enable higher
proteome coverage compared to chemical labeling (Megger et al., 2014), these approaches
have to cope with higher quantification variability and result in higher MS resource consumption
due to separate analysis of each individual sample. Common approaches are based on total
peptide ion counts, spectral counts or ion intensities. Spectral counting is the simplest approach.
However, high variability especially for low abundant proteins with few sequenced peptides as
well as saturation of spectral counts at high protein abundance levels makes this approach
unreliable when working with a small number of replicates (Lundgren et al., 2010). Better
accuracy and linearity can be obtained with intensity-based quantification approaches
integrating precursor-ion intensities or fragment-ion intensities (Krey et al., 2014; Silva et al.,
2006).

17



Introduction

Stable isotope labeling with amino acids in cell culture (SILAC, Ong et al., 2002) belongs to the
category of metabolic labeling approaches. It utilizes cellular protein synthesis to incorporate
stable isotope-containing amino acids into whole proteomes. For that purpose, essential amino
acids are replaced with their heavy counterparts in the growth medium (Ong and Mann, 2006).
Typically arginine and lysine are exchanged ensuring that every tryptic peptide (except the C-
terminal peptide of the protein) contains at least one labeled amino acid. This labeling
introduces a confined mass difference to unlabeled amino acids enabling relative quantification
between up to three cell populations (Ong and Mann, 2006) in MS1 spectra. Furthermore,
samples can be pooled already on cellular level reducing variability of quantification. In case of
spiked standards, known amounts of isotope-labeled synthetic peptides or proteins are added
during the workflow enabling relative and absolute quantification.

In contrast to metabolic labeling, chemical labeling approaches utilize reactive reagents to
introduce stable isotopes into proteins or their peptides. This avoids the necessity to culture
cells for several passages until complete incorporation of stable isotope-containing amino acids
thus making isotope labeling also applicable for sample types like primary tissues or primary
cells. With the exception of isobaric mass tags, these approaches are introducing, comparable
to metabolic labeling, small mass differences to identical peptides from two or more samples
enabling distinction in the MS1 spectrum. Examples are isotope-coded affinity tags (ICAT, Gygi
et al., 1999) or dimethyl labeling (Boersema et al., 2009). The advantage of these methods is
their high guantification accuracy, however, MS1 spectra complexity is increased by a factor of
two or more depending on the level of sample multiplexing. Quantification by Isobaric mass tags
like iTRAQ (isobaric tags for relative and absolute quantification, Ross et al., 2004) and TMT
(tandem mass tags, Thompson et al., 2003) is based on a different concept. The labeling
reagents consist of three functional elements: an amine reactive group for covalent linkage to
peptides, a mass balancer comprising a peptide bond for fragmentation induced cleavage, and
a mass reporter. Heavy and light isotopes are distributed within the latter two functional
elements but they add up to the same mass for all isotopic variants of the isobaric mass tag.
TMT11plex reagents are shown as an example in Fig. 14.
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Fig. 14 Structure of isobaric TMT11plex label reagents. (A) Functional elements of the TMT label
reagent including MS/MS fragmentation site by higher-energy collision dissociation (HCD). (B)
TMT11plex label reagents with highlighted (red asterisks) isotope positions. (C) Schematic illustration of
isobaric mass tag based relative quantification.
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Each sample is labeled with a different isotopic variant of the isobaric mass tag. After pooling,
peptides from different samples show identical liquid chromatography retention time and same
mass to charge ratio in MS1 scan. However, upon precursor ion fragmentation, reporter ions,
originating from the different isotopic variants of the isobaric mass tag, are released. Due to
different compositions of heavy and light isotopes, these reporter ions can be distinguished
based on their mass to charge ratio. Comparison of their signal intensities enables relative
guantification. Currently, up to eleven samples can be multiplexed without concomitant increase
in MS1 spectra complexity. However, MS2 level quantification has several disadvantages.
Among others, CID-based fragmentation in ion traps cannot be used due to their LMCO
limitation. Furthermore, accurate quantification of complex proteomic samples can be impaired
by co-fragmentation of co-eluting peptides resulting in systematic underestimation of
guantitative ratios (Savitski et al., 2013).

1.2.2.2. Absolute quantification

For absolute quantification (often referred to as AQUA, Gerber et al., 2003) , known amounts of
isotope-labeled reference peptides can be spiked into the sample (Bronstrup, 2004) enabling
accurate determination of concentrations or copy numbers per cell. To reduce variability
between the sample and the standard, also heavy protein fragments or full length proteins can
be spiked in before digestion (Hanke et al., 2008; Zeiler et al., 2012). However, this approach is
biased and only enables quantification of a limited number of proteins depending on spiked-in
peptides or proteins.

Although peptide abundances cannot be directly inferred from MS signal intensities, also
label-free approaches were developed that can estimate absolute amounts without using
isotope labeled spike in standards. Commonly used approaches are iBAQ (intensity-based
absolute quantification, Schwanhausser et al., 2011) and TOP3 (Silva et al., 2006). The iBAQ
approach is based on the correlation of protein abundance with summed peptide intensities of a
protein divided by the number of theoretically observable peptides. In turn, TOP3 is based on
the correlation of protein abundance with the average peptide intensity for the three most
intense tryptic peptides. Both approaches provide accurate proxies for protein abundances and
spiking in a non-labeled standard of accurately quantified proteins enables estimation of
absolute quantities of all identified proteins by linear regression (Schwanhédusser et al., 2011;
Silva et al., 2006).

1.2.3. Chemoproteomics for drug discovery

Proteomics has made major contributions to pharmacology by applying to many phases in the
drug discovery process (Walgren, 2004; Burbaum and Tobal, 2002). In this process, target
deconvolution is a crucial step. It is required for understanding molecular mechanisms
underlying the therapeutic effects of bioactive small molecule compounds or biologics like
natural and endogenous molecules. Key questions are thereby which proteins are targeted by
the bioactive molecules as well as what is their impact on protein expression and
post-translational modification (Bantscheff, 2012). Importantly, assays designed to answer these
guestions should be as close as possible to native conditions to avoid discrepancies between
assay results and the actual pharmacological efficacy (Bantscheff and Drewes, 2012).
Chemoproteomics aims at addressing these points on proteome-wide level. This research area
at the interface of chemistry, biochemistry, and cell biology (Bantscheff, 2012) comprises
assays that include native proteins in live cells or cell-extracts thus trying to preserve native
protein environments, protein-protein interactions and protein folding. Two major categories of
chemical proteomics approaches can be distinguished: targeted profiling and global profiling
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(Bantscheff, 2012). Targeted approaches employ enrichment of the protein(s) of interest while
global profiling aims at cell-wide characterization of cellular response to drug treatment.

Most frequently applied techniques for target deconvolution are targeted approaches based on
affinity enrichment with chemical probes. Two strategies are available: drug-centric profiling and
target class-focused profiling. For a drug-centric approach, the probe is immobilized to a solid
support via a linker. Proteins, bound after incubation with cell extract, are identified using mass
spectrometry. This approach was for example used for the assessment of the selectivity profile
of the anti-inflammatory drug SB203580 (Godl et al., 2003), for the histone deacetylase inhibitor
trapoxin (Taunton et al., 1996) as well as for the immunosuppressant FK506 (Harding et al.,
1989). In case of a target class-focused approach, several probes are immobilized to a solid
support enabling a broad coverage of target proteins like kinases (Bantscheff et al., 2007) or
histone deacetylases (Bantscheff et al., 2011). Captured proteins of the cell extract can be
eluted from the affinity matrix by competition with excess of a probe of interest. In addition to the
affinity-based approaches, activity-based protein profiling (ABPP) uses active-site directed
probes covalently labelling conserved amino acids close to the catalytic center of enzymes
(Cravatt et al., 2008). Probe-attached reporter tags allow selective enrichment and mass
spectrometric identification of targeted proteins enabling proteome-wide analysis of enzyme
functional states. A major limitation of the targeted approaches is the necessity to synthesize
modified probes. It requires extensive structure-activity relationship studies in order to determine
suitable sites for linker attachment retaining bioactivity and target affinity of the probes.
However, an example for successful application of a targeted approach is the kinobeads
competition assay. Seven broad-specificity kinase inhibitors are immobilized to sepharose
beads enabling capturing of a major fraction of the expressed human kinome and other
purine-binding proteins (Bantscheff et al., 2007; Médard et al., 2015). The affinity enrichment
makes the generally low expressed kinases accessible for drug interaction analyses. By
competition with increasing concentrations of an unmodified kinase inhibitor, compound
selectivity as well as affinity binding constants can be determined. The free inhibitor reduces
binding of the target protein to the kinobeads matrix. Analysis of concentration-dependent
reduction in abundance of the captured protein, enables fitting of dose response curves and
determination of ICso values (Bantscheff et al., 2007; Werner et al., 2012). Finally, incorporation
of the Cheng-Prusoff relationship (Cheng and Prusoff, 1973) allows inference of dissociation
constants (Kq) from the determined affinity binding constants (Sharma et al., 2009).

Global profiling strategies involve drug treatment of cells or animals followed by whole-cell or
organ-wide proteome analysis of drug-induced effects. Due to their unbiased nature and their
conceptual simplicity, global profiling strategies are highly attractive (Bantscheff and Drewes,
2012). Furthermore, apart from cell permeability, there are no specific requirements for the
compound under investigation. A limitation of these approaches is the detection of low abundant
proteins. The large dynamic range and the complexity of cellular proteomes result in
oversampling of abundant proteins and undersampling of low abundant proteins (Fonslow et al.,
2011). Subcellular fractionation can address this limitation by reducing sample complexity. An
additional limitation is the limited capability of most global profiling strategies to identify direct
protein targets. Proteins displaying altered expression levels are not necessarily directly
interacting with the compound but are often involved in stress response and/or housekeeping
functions (Bantscheff and Drewes, 2012). Thus, studies focused on the mechanism of bioactive
compounds frequently rely on biased affinity-based enrichment strategies to identify prospective
binding partners (Savitski et al., 2014).

The recently published thermal proteome profiling approach avoids this necessity for biased
strategies and furthermore allows the use of native unmodified small molecules (Martinez
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Molina et al., 2013; Savitski et al., 2014; Reinhard et al., 2015). It is based on the principle of
ligand-binding induced changes in protein thermal stability, a principle frequently employed for
monitoring ligand binding to purified proteins by isothermal titration calorimetry, differential
scanning calorimetry or differential scanning fluorimetry (Ward and Holdgate, 2001; Weber and
Salemme, 2003; Niesen et al., 2007). Ligand-binding triggers binding energy-dependent
changes in intramolecular and intermolecular interactions. This leads to a thermal stabilization
or destabilization of the native protein conformation which can be accessed by monitoring heat-
induced unfolding of a protein. Since denatured proteins tend to form protein aggregates
(Savitski et al., 2014), these can be removed by filtration or centrifugation. Thus, protein thermal
stability can be directly inferred from temperature-dependent changes in the soluble fraction of a
protein usually following a sigmoidal curve (Martinez Molina and Nordlund, 2016). Finally,
monitoring thermal stability changes on a proteome-wide level upon compound treatment
enables unbiased identification of drug-target interactions in live cells or cell extracts. A typical
thermal proteome profiling experiment is illustrated in Fig. 15.
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Fig. 15 Schematic illustration of a thermal proteome profiling experiment. (1) Cells or cell extracts
are treated with drug or vehicle. (2) The samples are divided into 10 aliquots. (3) Samples are subjected
to heating at the indicated temperatures. (4) After extraction of the soluble fractions of each condition,
proteins are digested with trypsin and resulting peptide mixtures are labeled with an individual TMT
reagent. (5) Pooled samples are subjected to quantitative LC MS/MS analysis. (6) The obtained reporter
ion intensities are used to fit melting curves which reflect the unfolding of the proteins with increasing
temperature and which allow calculation of melting points. Comparing melting points to the vehicle treated
sample enables identification of drug-target interactions. (Figure adapted from Savitski et al., 2014)

Live cells or lysates are treated with vehicle or compound. Subsequently, samples are divided
into ten aliquots and heated to a range of temperatures. Temperature-dependent protein
aggregates are removed and soluble fractions are digested with trypsin. Resulting peptide
mixtures are labeled with individual TMT reagents and pooled to a single sample followed by
guantitative mass spectrometric analysis. The obtained reporter ion intensities are used to fit
melting curves allowing calculation of melting points. Comparison of these between the vehicle-
and the drug-treated samples enables identification of drug-target interactions as a result of
changes in the thermal stability of the proteins.

21



Introduction

Another approach for global investigation of protein-ligand interactions is drug affinity
responsive target stability (DARTS, Lomenick et al., 2009; Pai et al., 2015). This approach
employs the detection of changed proteolytic resistance during limited proteolysis upon small
molecule binding due to either global or local thermodynamic stabilization and/or masking of
cleavage site(s) from the protease. However, besides identification of targeted proteins, it also
enables determination of structural changes at domain resolution (Feng et al., 2014). Under
limiting conditions, proteolytic cleavage of native, non-denatured proteins is mainly determined
by their tertiary structures as cleavage sites buried in the protein core or in a regular secondary
structure are inaccessible to the protease. Typically surface exposed and highly flexible
interdomain sequences are easily accessible and cleaved, resulting in partial digestion of
proteins. Masking of these cleavage sites upon ligand binding by structural changes or by the
ligand itself can result in changed limited proteolysis patterns which enables identification of
drug-target interactions and which can pinpoint the binding pocket (Feng et al., 2014).
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2. Objectives

The plasma membrane proteome is highly dynamic and has crucial roles in many biological
processes rendering this subproteome a prominent target for pharmaceutical intervention.
Furthermore, there is growing evidence for active drug in- and efflux mechanisms by
membrane-bound transporters. Expression of these proteins affects drug-target engagement
and can lead to drug resistance. A detailed understanding of the plasma membrane proteome
composition and its dynamics can thus have a great impact on drug discovery. However, the
analysis of this subproteome is challenging due to its biochemical properties and the low
abundance of many membrane proteins. Accordingly, the analysis of interactions to the cell
surface proteome is demanding as well. Most approaches are performed in lysates or from
purified proteins and as such require extraction of proteins from their native cellular environment
often resulting in denaturation and inactivation of membrane proteins. Furthermore, these
conditions are highly artificial and results might not be indicative for the in vivo situation.

The aim of this thesis was to address these gaps by first developing sensitive and quantitative
methods to characterize the surface proteome of cell lines and primary cells as well as to study
dynamic processes occurring in this subproteome in live cells. For that purpose, a chemical cell
surface labeling and enrichment approach should be established and combined with
guantitative proteomics using tandem mass tags. These methods then should be used to
generate a compendium of cell surface proteome maps for cell systems commonly used in
biochemical assays as well as to study the time-dependent cell surface proteome remodeling
during monocyte to macrophage differentiation. In addition, perturbation of this dynamic process
with small molecules is supposed to enable novel insights in side effects of pharmaceuticals. In
a second step, the established cell surface labeling and enrichment approach should be
combined with the recently described thermal proteome profiling (TPP) to enable selective and
unbiased monitoring of target engagement to plasma membrane proteins in live cells. For that
purpose, methods should be optimized and established, requiring to develop a new robust data
analysis procedure. The new methodology should be validated based on known interactions of
small molecules and native ligands with cell surface proteins. These results also enable an
estimation of the false discovery rate of this approach.
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3. Materials and Methods

3.1. Materials

3.1.1. Solutions and Chemicals

Solutions and chemicals

Company

10-plex TMT reagents

Acetic acid

Acetonitrile, HPLC grade
Ammonia solution, 25%
Aniline

anti-CD11b (ab52478)
anti-CD19 (3574)

anti-CD28 (555725) for CSTPP
anti-CD3 (ab5690)

anti-CD3 (ab86883) for CSTPP
anti-CD4 (AF-379-NA)
anti-CD56 (3606)

anti-IL2RA (SAB4700360) for CSTPP

anti-ITGAV (4711)

anti-ITGAV (13783) for CSTPP
anti-mouse 1gG (M8642)
anti-MRC2 (ab70132)
anti-Tubulin (T9026)

BCA Protein Assay Kit

Blocking buffer for Immunoblot analysis

Bradford 5x reagent

BSA HPLC standard

Calcitriol

Capillaries for column packing
CHAPS

Coomassie staining solution
Copper sulfate

CXCL12

cyclo-RGDfK

CytoSelect 96-well phagocytosis assay

Dasatinib

DDM

Digitonin

Digitoxin
Dimethylsulfoxide (DMSO)
Dipyridamole
Dithiothreitol

DMEM

DPBS + Ca?" Mg?*
Elacridar

Empore SPE Disks C18

Empore SPE Disks Cation Exchange-SR

Ethanol

EZ-Link™ Alkoxyamine-PEG4-Biotin
EZ-Link™ Sulfo-NHS-LC-LC-Biotin

Fetal calf serum
Folic acid
Formic acid
Furosemide
Glucose
HEPES solution

High capacity neutravidin agarose beads
High capacity streptavidin agarose beads

human IL2
human IL6
human VLDL
IGEPAL CA-630
IGF1

Thermo Fisher Scientific
Merck

Merck

Merck

Sigma-Aldrich

Abcam

Cell Signaling Technologies
BD Biosciences

Abcam

Abcam

R&D Systems

Cell Signaling Technologies
Sigma-Aldrich

Cell Signaling Technologies
Sigma-Aldrich
Sigma-Aldrich

Abcam

Sigma-Aldrich

Pierce

Li-Cor

Bio-RAD

Bischoff Analysetechnik GmbH
Cayman Chemicals
Polymicro
Sigma-Aldrich

Bio-Rad

Sigma-Aldrich

R&D Systems

Bachem

Cell Biolabs

Santa Cruz

Anatrace

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Merck

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma-Aldrich

Merck

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Thermo Fisher Scientific
Thermo Fisher Scientific
PeproTech

PeproTech

Abcam

Sigma-Aldrich
Sigma-Aldrich
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Solutions and chemicals Company

llomastat Santa Cruz

Imatinib Novartis

INS SAFC Biosciences
lodoacetamide Sigma-Aldrich

IT1t Tocris

LTQ Velos ESI Positive lon Calibration Solution Thermo Fisher Scientific
Luminespib Santa Cruz

LysC Wako

MEM Thermo Fisher Scientific
Methanol Sigma-Aldrich
Methotrexate AlfaAesar

NacCl, 5 M solution Sigma-Aldrich

Nilotinib ChemScene

Non-essential amino acids

NuPAGE 4x sample buffer

NuPAGE MOPS SDS Running buffer (20x)
Odyssey Protein Molecular Weight Marker
Ouabain

Phorbol 12-myristate 13-acetate (PMA)
PHOS-select iron affinity beads

PNGase F

Probenecid

Quickstart BSA standard

ReproSil-Pur 3um (separation-column)
RPMI medium

SB273005

SB431542

Secondary antibodies: IRDye 800CW/680RD
Sodium chloride

Sodium dodecyl sulfate solution

Sodium metaperiodate

Sodium pyruvate

Thermo Fisher Scientific
Invitrogen, Life technologies
Life technologies

Li-Cor

Selleckchem

Orpegen

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Bio-RAD

Dr. Maisch GmbH
Thermo Fisher Scientific
Selleckchem
Sigma-Aldrich

Li-Cor

Merck

Bio-RAD

Thermo Fisher Scientific
Thermo Fisher Scientific

Staurosporine Santa Cruz
Streptavidin-Dylight800 Thermo Fisher Scientific
Sunitinib Santa Cruz
Triethylammonium bicarbonate Sigma-Aldrich
Trifluoroacetic acid Sigma-Aldrich
Tris(hydroxymethyl)aminomethane Sigma-Aldrich
Trypsin Promega
Tween 20 Sigma Aldrich
Urea Sigma-Aldrich
Water, HPLC grade Merck
wz811 Sigma-Aldrich
XBridge C18 (high-pH C18) Waters
3.1.2. Equipment

Equipment Company
Bandelin Sonopuls HD 2200 Bandelin
Biorad gel chamber Bio-Rad
Envision 2103 Multilabel Reader Perkin Elmer
Eppendorf Centrifuge 5415 R Eppendorf
Eppendorf Thermomixer Eppendorf
HERA cell 240 Heraeus
HERA safe Heraeus
Heraeus Multifuge 3S-R Heraeus

IKA KS 260 basic IKA

Liquidator®

MODEL P-2000

Multidrop Combi

MultiScreen HTS vacuum manifold
Novex Mini cell X cell Surelock
Odyssey Infrared Imaging System
Orbitrap Fusion Lumos

Orbitrap XL

PC8500-MAG

Steinbrenner Laborsysteme GmbH
Sutter Instrument Co.

Thermo Fisher Scientific

Millipore

Life technologies

Li-Cor

Thermo Fisher Scientific

Thermo Fisher Scientific

Next Advance, Inc.
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Equipment

Company

PlateLoc

Power PAC 200

Q Exactive (Plus)

RoboSeal

Roto-Shake Genie

SureCycler 8800

Trans-Blot Turbo Mini-size LF PVDF Membrane
Trans-Blot Turbo Mini-size Transfer Stack
Trans-Blot Turbo Transfer Buffer
Trans-Blot Turbo Transfer System
UltiMate 3000 Nano-HPLC-System

Agilent Technologies
Bio-RAD

Thermo Fisher Scientific
HJ-Bioanalytik GmbH
Scientific Industries Inc.
Agilent Technologies
Bio-RAD

Bio-RAD

Bio-RAD

Bio-RAD

Thermo Fisher Scientific

Univapo UniEquip GmbH
Vacuumbrand PC2001 Vacuubrand

Zeis LSM 780 Zeis

3.1.3. Miscellaneous

Material Company

CytoSelect 96-well phagocytosis assay Cell Biolabs

EasySep Enrichment kits StemcCell Technologies Inc.
Histopaque LSM1077 Sigma-Aldrich

HPLC pre-columns

HPLC separation-column capillaries
Mico SpinColumn

Microplate 96-well PP V-Bottom
MultiScreen 0.45 pm 96-well filter plate
MX3000P 96-well PCR plates
Protease inhibitor cocktail

Thermo Fisher Scientific
Polymicro Technologies
Harvard Apparatus
Greiner Bio-One
Millipore

Agilent Technologies
Roche Diagnostics
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3.2. Methods

3.2.1. Cell culturing

Ramos, PC-3, YT, THP-1, U937 and K562 were cultured in RPMI1640 medium containing 10%
fetal calf serum (FCS). Jurkat E6.1 cells were cultured in RPMI1640 medium supplemented with
4.5 g/l glucose, 10 mM HEPES, 1 mM sodium pyruvate and 10% FCS. Panc 08.13 were
cultured in RPMI1640 medium containing 15% FCS and 10 pg/L Insulin. A549 and HEK293
were cultured in DMEM containing 10% FCS. CaCo-2 were cultured in MEM supplemented with
10% FCS. HeLa and HepG2 were cultured in DMEM supplemented with 20% FCS, 1 mM
sodium pyruvate and 1% non-essential amino acids. MCF-7 were cultured in MEM containing
10% FCS, 1 mM sodium pyruvate, 1% non-essential amino acids and 10 pg/L Insulin. Saos2
were cultured in McCoy's 5a medium containing 15 % FCS. U87MG were cultured in RPMI1640
medium containing 10 % FCS, 1 % glutamax and 1 % pyruvate. All cell lines were cultured at
37 °C and 5 % CO; except for A549 which were cultured at 37 °C and 10% CO2. All cell lines
were split twice per week and one day prior to experiments with fresh culturing medium.

3.2.2. Isolation of primary lymphocytes from human blood

Human primary B-cells, T-cells and NK-cells were extracted from buffy coats of human blood
(DRK Mannheim) by Histopaque density gradient centrifugation and the EasySep Enrichment
kits according to manufacturer’s instructions. In brief, in the first step PBMCs were isolated from
human blood. Blood was transferred to 50 mL falcon tubes and filled up to 35 mL with plain
RPMI1640 medium. Subsequently, 17 mL were carefully layered on top of 17 mL density
gradient separation medium LSM1077 (Histopaque). Tubes were centrifuged at 872 g for
30 min at RT. The ring of cells containing the PBMCs was carefully collected and transferred
into a fresh 50 mL falcon tube and filled up to 50 mL with washing buffer (PBS containing 2 %
FBS and 1 mM EDTA). Cells were centrifuged at 500 g for 5 min at RT and washed again with
10 mL washing buffer. After centrifugation at 500 g for 5 min at RT, cells were resuspended in
washing buffer to a concentration of 5 x 107 cells/mL. Subsequently, cells were incubated for
10 min at RT after mixing with 50 pL of the respective EasySep enrichment cocktail mix (for
enrichment of B-, T- or NK-cells) per 1 mL of cells followed by addition and incubation for 5 min
at RT with EasySep magnetic beads at 75 pL/mL, 50 yL/mL or 100 pL/mL for enrichment of
B-cells, T-cells or NK-cells, respectively. Enriched B-, T- or NK-cells were transferred to fresh
falcon tubes after removal of magnetic beads over 5 min at RT.

3.2.3. Kinobeads competition assay and in-gel digestion

Kinobeads profiling was performed essentially as described (Bantscheff et al., 2007). Briefly,
cells were homogenized in lysis buffer (50 mM Tris-HCI pH 7.5, 5% glycerol, 1.5 mM MgCly,
150 mM NacCl, 20 mM NaF, 1 mM NazVO., 1 mM DTT, 5mM calyculin A, 0.8% Igepal-CA630
and protease inhibitor cocktail) using a Dounce homogenizer on ice. Lysates were cleared by
ultracentrifugation and adjusted to 5 mg/ml protein concentration using the Bradford assay.
Compounds were dissolved in dimethyl sulfoxide and various concentrations were added to
5 ml of lysates followed by 50 pl kinobeads suspension. Samples were agitated for 30 min at
4 °C. Subsequently, the beads were washed, collected by centrifugation and bound material
was eluted with SDS sample buffer. 25 pg sample was fractionated by short (20 min at 80V)
SDS gel electrophoresis on 4-12% NuPAGE gels and stained with colloidal Coomassie.
Samples were in gel digested by destaining the gel cut into three slices and tryptic digestion for
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4 h at 37 °C with 150 ng trypsin per gel slice. After extraction twice with 2.5 % FA, once with
60 % ACN in 1 % FA and once with 100 % ACN, peptides were TMT labeled and analyzed by
mass spectrometry, as described in detail below.

3.2.4. Phagocytosis assay

The phagocytosis assay was conducted based on the CytoSelect 96-well phagocytosis assay.
After 48h of differentiation in presence or absence of kinase inhibitor (as described in detail
below), adherent cells were detached with trypsin and 5x10* cells in 100 pL fresh RPMI1640
medium supplemented with 10% FCS, 100 nM PMA and 1 pM kinase inhibitor or DMSO were
seeded per well in a 96-well microtiter plate. After 24 h of incubation at 37 °C and 5% CO3, 2 uM
Cytochalasin D was added to respective phagocytosis inhibition wells and plate was incubated
for an additional 1 h. Nonopsonized zymosan particles (10 puL/sample) were added and cells
were incubated for 1 h. The amount of engulfed zymosan particles was determined by
measuring the absorbance at 405 nm with a 96-well microtiter plate reader (EnVision Plate
Reader, PerkinElmer) and the relative phagocytotic activity was referenced to normally
differentiated THP-1 cells.

3.2.5. Static and dynamic cell surface proteome mapping

3.2.5.1. THP-1 differentiation and drug treatment

THP-1 cells were diluted to 0.5x10° cells/mL into fresh culture media one day prior to
differentiation experiments. For each experimental condition, 1x107 cells were seeded in
RPMI1640 medium supplemented with 10% FCS and 100 nM PMA or 100 nM Vitamin D3
(Calcitriol) on a 15 cm petri dish and incubated at 37 °C and 5% CO,. THP-1 cells were also
treated with 1 uM kinase inhibitor (dasatinib, sunitinib, imatinib) over 1 h at 37 °C in RPMI1640
medium supplemented with 10% FCS prior to the addition of 100 nM PMA followed by 48 h of
incubation. PMA-differentiation was verified by immunoblotting for up-regulation of CD11b or
down-regulation of MRC2.

3.2.5.2. Biotinylation of the cell surface glycoproteome and enrichment of labeled proteins

1x107 suspension cells or a 15 cm petri dish of adherent cells at 70-80% confluency were
washed twice with PBS followed by oxidation of carbohydrates with 1 mM Na-metaperiodate in
pH 6.5 adjusted PBS at 4 °C for 10 min in the dark. Cells were washed twice with PBS followed
by biotinylation with 1 mM Alkoxyamine-PEG4-Biotin in presence of 10 mM Aniline for 10 min at
4 °C in the dark. Cells were washed three times with PBS. Suspension cells were pelleted at
340 g, adherent cells were detached by scraping and pelleted at 340 g. Cell pellets were frozen
in liquid nitrogen and stored at -80 °C. Cell pellets were lysed by boiling for 10 min at 95 °C in
200 pl SDS lysis buffer (4 % SDS, 60 mM Tris pH 7.6, 50 mM DTT). Samples were cooled and
sonicated on ice once (Bandelin Sonopuls HD 2200) at 50 % power output with 1 burst of
10 seconds. Enrichment of biotinylated proteins was performed in 96 deep well filter plates. For
each enrichment, 15 uL High Capacity Streptavidin Agarose resin were prepared by washing
twice with Wash-Buffer 1 (WB1: 0.4 % SDS, 20 mM Tris pH 7.5, 400 mM NaCl). Resin was
incubated with lysate for 60 min at 25 °C while overhead shaking, followed by three times
washing with WB1, eight times washing with Wash-Buffer 2 (WB2: 20 mM Tris pH 7.5 and
400 mM NacCl) and 8 times washing with Wash-Buffer 3 (WB3: 50 mM Triethylammonium
bicarbonate (TEAB), 2 M Urea). Subsequently, resin was incubated for 45 min with 45 mM DTT
in 50 mM TEAB at 25 °C followed by 30 min incubation at 25 °C with 100 mM IAA in 50 mM
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TEAB. Resin was washed five times with WB3 and digested for 16 h at 25 °C in 60 pl 50 mM
TEAB, 1.33 M Urea supplemented with 0.4 pg trypsin. On the following day, additional 0.4 pg
trypsin in 50 mM TEAB was added and resin was incubated for an additional 4 h at 25 °C.
Peptides were eluted by centrifugation. For additional PNGase F elution, resin was washed five
times with Wash-Buffer 4 (WB4: 50 mM HEPES pH 7.5) followed by incubation with 0.5 units
PNGase F in WB4 for 3 h at 37 °C. Peptides were eluted by centrifugation, dried in vacuo and
stored at -80 °C.

3.2.5.3. Sample preparation for MS

For TMT-quantification experiments, peptide samples were resuspended in 100 uL of 200 mM
TEAB 10% ACN and labeled with 10-plex TMT reagents. The labeling reaction was performed
by adding 50 pl of 25 mM TMT-label reagent dissolved in ACN, incubation for 90 min at 25 °C
and quenching with 2.5 % hydroxylamine in 100 mM TEAB for 15 min at 25 °C. Finally, labeled
peptides were pooled. Label-free and TMT-quantification experiment samples were desalted
using C18 STAGE tips (Rappsilber et al., 2007). Four plugs of C18 material (Octadecyl C18
47 mm Extraction Disks) were punched into a 200 L pipette tip and the material was washed
once with 100 uL MeOH and twice with 200 pL C18-Wash buffer (2 % ACN in 0.1 % TFA) by
centrifugation for 3 min at 3000 g. Dried peptide samples were dissolved in 100 yL C18-Wash
buffer and applied to the prepared C18 STAGE tips followed by centrifugation for 3 min at
3000 g. Bound peptides were washed twice with 200 puL C18-Wash buffer by centrifugation for
3 min at 3000 g, eluted twice with 50 pL of C18-Elution buffer (80 % ACN in 0.1 % TFA) by
centrifugation for 2 min at 1000 g, dried in vacuo and stored at -80 °C. Samples from the THP-1
differentiation time course experiment were fractionated into 9 fractions as previously described
(Kruse et al., 2011). In short, peptides were separated within 100 min by using reversed-phase
chromatography at pH12 (1 mm Xbridge column) at a flow rate of 30 puL/min, fractions
containing early and late eluting peptides were pooled and dried in vacuo and stored at -80 °C.

3.2.5.4. Monitoring THP-1 differentiation by cell surface phosphoproteomics

THP-1 cells were diluted to 0.5x10° cells/mL into fresh culture media one day prior to
differentiation experiments. On the next day, in two biological replicates 5x10’ cells were
seeded in 50 mL RPMI1640 supplemented with 10% FCS and 100 nM PMA and incubated for
15, 30 and 60 min at 37 °C in the incubator. Two replicates of undifferentiated cells were used
as controls. After biotinylation, enrichment, TMT-labeling and C18 STAGE-tip based sample
cleanup as described in 3.2.5.2 and 3.2.5.3, 10 % of the sample was used for monitoring cell
surface proteome abundance changes while 90 % of the sample was subjected to IMAC-based
phosphopeptide enrichment. For that purpose, 60 pL bead slurry of IMAC resin (PHOS-Select™
Iron Affinity Gel) were washed 4x with wash solution (250 mM acetic acid in 30 % ACN) within
30 min while orbital shaking at 1000 rpm by removal of the liquid supernatant after
centrifugation at 1000 g. Washed beads were resuspended in 150 pL wash solution, transferred
to the dried peptide mixture sample and incubated for 2 h at 25 °C with 1250 rpm orbital
shaking. Subsequently, a spin column was washed twice with 100 pL wash solution and beads
were transferred to the spin column. Beads were washed 4 times with 150 pyL wash solution by
slowly pressing the liquid through the spin column and avoiding dry beads. Bound
phosphopeptides were eluted twice by incubating beads for 2 min with 50 pL elution solution
(400 mM NH4OH in 30 % ACN) and letting the liquid run through the spin column. The eluted
sample was acidified to pH 4 by addition of 50 UL 10 % FA and the peptide mixture was dried in
vacuo.
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3.2.6. Cell surface selective thermal proteome profiling

3.2.6.1. Treatment of cells with endogenous ligands

Cells were starved for 16 h in plain RPMI1640 in the incubator at 37 °C and 5% CO; prior to the
treatment with IGF-1, INS or VLDL. In case of the treatment of cells with folate or methotrexate,
cells were starved for 16 h in plain RPMI1640 without folic acid in the incubator at 37 °C and 5%
CO.. For experiments with IL2, IL6 or CXCL12, cells were treated without prior starvation. Cells
were treated for 30 min (10 nM IL2, 20 nM IL6, 20 nM CXCL12, 100 nM IGF1, 100 nM INS) or
60 min (100 ug VLDL, 20 uM folate) with the respective endogenous ligand in the incubator at
37 °C and 5% CO..

3.2.6.2. Treatment of cells with small molecule chemicals or antibodies

Cells were treated for 60 min with 1 uM (SB273005, ouabain, dipyridamole, probenecid,
elacridar, ilomastat, WZ811, IT1t, dasatinib, digitoxin, nilotinib, staurosporine, luminespib),
10 uM (SB431542), 20 uM (copper sulfate, methotrexate) or 100 uM (furosemide) in the
incubator at 37 °C and 5 % CO.. For stimulation of cells with antibodies, cells were treated with
2 ug/mL of the respective antibody for the indicated time in the incubator at 37 °C and 5 % COa..
In case of CD3/CD28 stimulation, an anti-mouse antibody was added at 5 pg/mL for CD3/CD28
antibody crosslinking.

3.2.6.3. Heat treatment and biotinylation

Treated cells and controls were pelleted at 340 g and 4 °C for 2 min, washed by resuspending
in 5 ml of ice cold PBS, and pelleted again at 340 g and 4 °C for 2 min. The supernatant was
removed and cells were resuspended in 1200 pL ice cold PBS. 100 pL aliquots of this cell
suspension containing a defined number of cells (K562: 5x10°, Jurkat: 8x10°, THP1: 8x10°,
YT: 5x10°) were transferred into a 96 well PCR plate and centrifuged at 325 g and 4 °C for
2 min. For all following liquid handling steps, a Liquidator96 was used. 80 pL of the supernatant
was removed and the plate was subjected to a defined temperature gradient (37 °C was set as
reference temperature) for 3 min followed by a 3 min incubation at room temperature. Cells
were resuspended by adding 100 pL Oxidation buffer (PBS adjusted to pH 6.5 containing
1.2 mM Na-metaperiodate, RT) and incubated for 10 min at RT in the dark. Cells were pelleted
by centrifugation at 325 g and 4 °C for 2 min. 100 pL of the supernatant was removed and cells
were resuspended by adding 100 pL ice cold Biotinylation buffer (PBS containing 1.2 mM
alkoxyamine-PEGs-biotin and 12 mM aniline) and incubated for 10 min at 4 °C in the dark. Cells
were washed twice by pelleting at 325 g and 4 °C for 2 min, removing 100 pL of the supernatant
and resuspending in 100 uL ice cold PBS. Cells were lysed on ice by adding 10 uL of 3x lysis
buffer to the remaining 20 pL cell suspension followed by additional 40 pL of 1x lysis buffer.
Insoluble cellular fragments and aggregated proteins were removed by filtration. Lysates were
transferred to a 0.45 um 96-well filter plate (pre-wetted with 1x lysis buffer) and filtered by
centrifugation for 5 min at 1500 g and 4 °C. The flow-through was collected, frozen in liquid
nitrogen and stored at -80 °C.

3.2.6.4. Isothermal dose response experiments

Cells were treated for 60 min with decreasing concentrations of dasatinib (serial dilution starting
from 2 mM with a dilution factor of 5). This resulted in cellular treatment with nine compound
concentrations and one vehicle control. Treated cells were processed as described in 3.2.6.3
with the difference that cells were heat treated only at a single temperature.
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3.2.6.5. Enrichment of labeled proteins

High Capacity Neutravidin Agarose resin was washed twice with Wash-Buffer 0 (WBO, 1 %
DDM or 0.8 % NP40 in PBS) and a slurry of 133.3 pL resin per mL of WBO was prepared.
Subsequently, for each enrichment 4 pL washed bead resin (30 pL slurry) was transferred onto
a 96-well plate and lysate containing 150 pg protein (determined by BCA assay) was added.
Resin was incubated with lysate for 120 min at RT while overhead shaking, transferred onto a
0.45 um 96-well filter plate followed by eight times washing with Wash-Buffer 1 (WB1, 0.4 %
SDS, 20 mM Tris pH 7.5, 400 mM NaCl), eight times washing with Wash-Buffer 2 (WB2: 20 mM
Tris pH 7.5 and 400 mM NacCl), eight times washing with Wash-Buffer 3 (WB3: 50 mM TEAB,
2 M Urea) and four times washing with Wash-Buffer 4 (WB4, 50 mM HEPES) by using a
reagent dispenser (Multidrop Combi) and vacuum manifold (MultiScreen Vacuum manifold).
Residual liquid was removed by centrifugation at 325 g for 2 min. Bound proteins were eluted
and peptides alkylated for 4 h with horizontal shaking at RT by on-bead digestion with 50 ng
Trypsin and 50 ng LysC in 25 mM HEPES pH 8.5 containing 2.5 mM Tris(2-
carboxyethyl)phosphine (TCEP) and 7.5 mM 2-chloroacetamide (CAA). Peptides were collected
in a 96 well plate by centrifugation at 325 g for 2 min followed by an additional washing of the
filter plate with 50 uL 50 mM HEPES followed by centrifugation at 325 g for 2 min. Peptide
mixtures were dried in vacuo and stored at -80 °C

3.2.6.6. Sample preparation for MS

In case of melting curve-based data analysis, treatments and controls were labeled in separate
TMT10 experiments with increasing reporter ion masses and increasing temperatures. In case
of ratio-based analysis, treatments were analyzed together with controls at five temperatures in
a single TMT10 experiment requiring two TMT10 experiments to cover nine temperature points
with one reference temperature in both TMT10 experiments. Controls and treatments were
alternatingly labeled with TMT-labeling reagents. In both cases, peptide samples were
resuspended in 10 pL of 50 mM HEPES 10% ACN and labeled with 10-plex TMT reagents. The
labeling reaction was performed by adding 10 pl of 25 mM TMT-label reagent dissolved in
acetonitrile, incubation for 90 min at 25 °C and quenching with 2.5 % hydroxylamine in 50 mM
HEPES for 15 min at 25 °C. Finally, labeled peptides were pooled and cleaned using C18-SCX
STAGE tips. Three plugs of C18 material (Octadecyl C18 47 mm Extraction Disks) and three
plugs of SCX material (Cation 47 mm Extraction Disks) were punched into a 200 pL pipette tip
and the material was washed once with 100 pL MeOH and twice with 200 pL C18SCX-Wash
buffer (2 % ACN in 0.5 % TFA) by centrifugation for 2 min at 2000 g. Dried peptide samples
were dissolved in 100 pL C18SCX-Wash buffer and applied to the prepared C18-SCX STAGE
tips followed by centrifugation for 2 min at 2000 g. Bound peptides were washed twice with
200 pL C18SCX-Wash buffer by centrifugation for 2 min at 2000 g. Desalted peptides bound to
the C18 material were eluted to the SCX material by washing three times with 200 pL
C18-Elution Buffer (60 % ACN in 0.5 % TFA) and centrifugation at 1000 g for 4 min. Finally,
cleaned peptides were eluted twice with 25 pL SCX-Elution buffer (80 % ACN, 5 % NH3) by
centrifugation at 2000 g for 1 min, dried in vacuo and stored at -80 °C.

3.2.7. LC-MS/MS analysis

Samples were resuspended in 0.05 % TFA in water and a defined fraction (label-free cell
surface mapping: 30 %, THP1 differentiation: 10 %, Thermal proteome profiling: 25 %) was
injected into an Ultimate3000 nanoRLSC coupled to a Q Exactive (Plus) or Orbitrap Fusion
Lumos. Peptides were separated on custom-made 50 cm x 100 um (inner diameter) C18
reversed-phase (Reprosil) columns at 40 °C. Gradient elution was performed from 3.5 % ACN
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to 35 % ACN in 0.1 % formic acid over 2 or 4 h. Samples were online injected into mass
spectrometers operating with a data-dependent top10 method. MS spectra were acquired by
using 70.000 resolution and an ion target of 3E6 for MS1 scans. Higher energy collisional
dissociation (HCD) scans were performed with 25 % (label-free) or 35 % (TMT-quantification)
normalized collision energy (NCE) at 35.000 resolution and an ion target of 2E5.

3.2.8. Peptide and protein identification

Raw data was processed using an in-house pipeline (Franken et al., 2015). Mascot 2.4 (Matrix
Science) was used for protein identification by using a 10 ppm mass tolerance for peptide
precursors and 20 mDa mass tolerance for fragment ions. Enzyme specificity was set to trypsin
with up to three missed cleavages. For label-free experiments, carbamidomethylation of
cysteine residues was set as fixed modification and methionine oxidation and N-terminal
acetylation of proteins were set as variable modifications. For TMT-quantification experiments,
carbamidomethylation of cysteine residues and TMT moadification of lysine residues were set as
fixed modifications while methionine oxidation, N-terminal acetylation of proteins and TMT
modification of peptide N-termini were set as variable modifications. Deamidation of
asparagines was set as additional variable modification for PNGase F samples. The search
database consisted of a customized version of the International Protein Index protein sequence
database (numbers of entries: 108790, year: 2009) combined with a decoy version of this
database created by using a script supplied by Matrix Science. IPI accession numbers of all
identified proteins were mapped to the UniProt database (December 14" 2016) by matching the
corresponding protein sequences. Unless stated otherwise, protein identifications were
accepted as follows: (i) For single-spectrum to sequence assignments, this assignment was
required to be the best match with a minimum Mascot score of 31 and with a 10x difference of
this assignment over the next best assignment. Based on these criteria, the decoy search
results indicated <1 % false discovery rate (FDR). (ii) For multiple spectrum to sequence
assignments and using the same parameters, the decoy search results indicate <0.1 % FDR. All
identified proteins were quantified; FDR for quantified proteins was below 1 %.

For in-silico digestion of UniProt-annotated plasma membrane proteins, the alternative
proteases chymotrypsin, LysC, AspN, GIuC, ArgC (Giansanti et al., 2016) were compared to
trypsin. Typically, MS identifiable peptides have a length between 7 and 35 amino acids, with
the lower limit being determined by sequence uniqueness and the upper limit being determined
by the instrument's resolving power (Swaney et al., 2010; Meyer et al., 2014). Thus, peptides
generated by in-silico digestion (R, cleaver, Bioconductor, Gibb, 2015) were filtered for lengths
between 7 and 35 amino acids.

3.2.9. Peptide and protein quantification

In case of label-free quantification, the Top3 method (Silva et al., 2006) was applied in a slightly
modified form (Becher et al., 2013). In brief: for each protein the maximum intensity of the
extracted ion current (XIC) of the three most abundant peptide sequences was logl0
transformed and averaged. The derived value is denoted as MS1 abundance and is a good
proxy for protein abundance in the sample.

For TMT-quantification experiments, reporter ion intensities were read from raw data and
multiplied with ion accumulation times to yield a measure proportional to the number of ions; this
measure is referred to as “ion area” (Savitski et al., 2011). Spectra matching to peptides were
filtered according to the following criteria: Mascot ion score >15, signal-to-background of the
precursor ion >4, and signal-to-interference >0.5 (Savitski et al., 2010). Fold-changes were
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corrected for isotope purity as described and adjusted for interference caused by co-eluting
nearly isobaric peaks as estimated by the signal-to-interference measure (Savitski et al., 2013).
Protein quantification was derived from individual spectra matching to distinct peptides by using
a sum-based bootstrap algorithm.

3.2.10. Data analysis

Annotations of proteins were based on the UniProt database (December 14" 2016). Data
analysis and visualization was performed in TIBCO Spotfire 6.0.2 or R (www.r-project.orq).
Gene ontology enrichment was obtained from DAVID Bioinformatics Resources 6.7 (Huang et
al., 2009) or in R (topGO, Bioconductor, Alexa and Rahnenfuhrer, 2015). Principal component
analyses were performed in Perseus 1.5.1.6 (www.perseus-framework.org) or R. Common bead
background proteins were annotated based on CRAPome (Mellacheruvu et al.,, 2013) data
(filters used for CRAPOME: streptavidin agarose beads, proteins with spectral counts = 5,
intracellular proteins). General data interpretation was supported by a self-developed program
written in C# called “2D Protein Domain Visualizer’. This application enables visualization of
protein annotations (topology, domains, secondary structures, post-translational modifications,
subcellular localization) from UniProt (www.uniprot.org) with additional transmembrane topology
prediction by Phobius (http://phobius.sbc.su.se), protein-protein interaction information from
STRING (www.string-db.org), additional information about post-translational modifications from
PhosphoSitePlus (www.phosphosite.org), drug and drug target information from DrugBank
(www.drugbank.ca) and ChEMBL (www.ebi.ac.uk/chembl), PubMed information hyperlinked
over proteins from iHOP (Hoffmann and Valencia, 2004, www.ihop-net.org) as well as the
compendium of cell surface proteome mappings generated in this thesis. This tool will be
described in section 4.3.

3.2.10.1. Static and dynamic cell surface proteome mapping

Identified proteins in trypsin digest samples of cell surface proteome mappings were filtered for
MS1 abundance > 0 and total number of peptide to spectrum matches = 2. Identified proteins in
PNGase F digest samples of cell surface proteome mappings were filtered for MS1
abundance > 0 and Mascot score = 20. Relative abundance estimations for trypsin and
PNGase F samples were normalized to the average density maximum of all samples.

For identification of proteins differentially expressed between cell lines and cognate primary
cells, p-values were calculated by t-test based on imputed data (estimated protein abundance
values of 0 replaced by normal distributed data simulating signals of low abundant proteins,
normal distribution standard deviation 0.3, normal distribution mean downshifted by 1.8 to lower
end of the distribution of measured values, separate for each column, Deeb et al., 2012).
Significant proteins were filtered for Benjamini-Hochberg corrected p-values < 0.05. For
GO-Term enrichment analysis, the enriched GO-Terms were filtered for Benjamini-Hochberg
corrected p-values < 0.01. In TMT-quantification samples of differentiation experiments proteins
were filtered for 3 or more quantified spectra (qusm) and 2 or more unique peptides (qupm).
The 0 h time point of the differentiation experiment was set as reference. For identification of
proteins significantly regulated during differentiation of THP-1 cells, a modified t-test (Smyth,
2004) was applied and data was filtered for log. relative abundances = 2 or < -2 at least once
between 24 h and 72 h of the time course with Benjamini-Hochberg corrected p-values < 0.01 at
the respective time point. For identification of proteins significantly altered in abundance
comparing cells differentiated in presence or absence of kinase inhibitors, the data was filtered
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Materials and Methods

for log. relative abundance = 1 or < -1 between these differentiation outcomes applicable for
both replicates and p-values < 0.05.

3.2.10.2. Cell surface selective thermal proteome profiling
Samples were analyzed in two different ways.

Melting curve-based data analysis was conducted as described (Reinhard et al., 2015; Franken
et al.,, 2015). At least two biological replicates of treatments and controls were prepared.
Treatments and controls were analyzed in separate TMT10 experiments corresponding to ten
different constantly increasing temperature points. Melting curves were calculated based on
fold-changes relative to the lowest temperature according to the following equation derived from
chemical denaturation theory (Schellman, 1994):

f (T) = l_plﬂ_k p|ateau
-(=-b)
l+e T

T represent the temperature and a, b, and plateau are constants. Since fold changes are
calculated relative to the reference temperature, the value of f(T) at the lowest temperature was
set to 1. Based on this melting curve, the melting point of a protein is defined as the temperature
Tm at which the abundance of the protein represents half of the abundance observed at the
reference temperature. Data of treatments and controls were normalized based on the
calculated melting curves for proteins quantified in both experiments and fulfilling the following
criteria: the fold-changes at the seventh highest temperature point compared with the lowest
temperature point were between 0.4 and 0.6, and at the 9th and 10th highest temperature
points compared to the lowest temperature point were below 0.3 and 0.2 respectively. Based on
this subset of proteins, the median fold-change values for each of the 10 fold-changes were
calculated and a melting curve was fitted for each experiment individually. The curve with the
best R? was used to calculate normalization factors for all experiments by calculating for each
experiment individually a fold-change between each median fold-change and the best-fitting
curve at the respective temperature. These normalization factors were then applied to all protein
fold-changes in the respective experiments and normalized melting curves were calculated.
With these normalized melting curves for each protein, melting point differences between
treatments and controls were calculated and proteins fulfilling the following criteria were
regarded as significantly shifted: (1) 2 2 qusm, (Il) = 2 qupm, (lll) R? = 0.6, (IV) annotated cell
surface localization according to UniProt, (V) significance of melting point difference calculated

if (AT, >s){-log,,(p - value) > 1 + P}

(ATm - S)
by t-test fulfills the criteria:

if (AT, <-s){-log,,(p - value) > P}

1
—+
(s-AT,)
were ATy is the average melting point difference, s the standard deviation of the data set
defined as 2x median standard deviation for all proteins between replicates and P the minimal
accepted logio transformed p-value for a protein set to p = 0.05, (VI) [ATw| 2 s.

For ratio-based data analysis, treatments and controls were analyzed along with each other at
nine different temperatures in two TMT10 experiments with one reference temperature in both
TMT10 experiments. At least two biological replicates of treatments were prepared. Low and
high temperature points could be mixed between both TMT10 experiments to allow a
comparable overall protein concentration in both samples (e.g. TMT10 experiment #1 contains
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the temperatures 1, 2, 3, 8, 9 and TMT10 experiment #2 contains the temperatures 1, 4, 5, 6,
7). Data was normalized in two steps. In the first step, at each individual temperature controls
were normalized between replicates based on cell surface annotated proteins quantified with
gqusm = 3 and qupm = 2 in the individual replicate and a fold-change at the respective
temperature point = 0.2 relative to the reference temperature. For each temperature and each
replicate, normalization factors were calculated relative to the average of maxima of the density
distributions of relative fold changes at the respective temperature. These normalization factors
were then applied to all protein sumionareas and fold-changes of controls in the respective
experiments. In the second step, at each individual temperature the treatments were normalized
to their controls based on proteins quantified with qusm = 3 and qupm 2 2 in the individual
replicate and a fold-change at the respective temperature point = 0.2 relative to the reference
temperature. For each treatment at each temperature and each replicate, normalization factors
were calculated relative to the maxima of the density distributions of relative fold changes at the
respective temperature in controls. These normalization factors were then applied to all protein
sumionareas and fold-changes of treatments in the respective experiment and at the respective
temperature. For data analysis, the normalized data sets of both TMT10 experiments covering
all temperature points were combined. Subsequently, based on relative fold changes for each
protein at each individual temperature point the abundance ratio between treatment and control
as well as the average over replicates were calculated and log. transformed if the relative fold
change of this protein at the respective temperature was = 0.15 in either the treatments or the
controls. In addition, for each protein at each individual temperature point the significance of a
difference in the protein abundance between treatments and controls was determined by left-
and right-tailed t-tests based on log. transformed relative fold changes relative to the reference
temperature if the relative fold change of this protein at the respective temperature was higher
than 0.15 in either the treatments or the controls. If a protein showed no or only once a
significant (p-value < 0.05) difference in protein abundance between treatments and controls,
the average log. transformed abundance ratio between treatments and controls as well as the
p-value were reported for the temperature with the lowest p-value. If a protein showed a
significant (p-value < 0.05) difference in protein abundance between treatments and controls at
more than one temperature, the average log, transformed abundance ratios between
treatments and controls were summed (collated log.ratio) for all temperatures in a row which
showed a significant (p-value < 0.05) difference in protein abundance between treatments and
controls. For these temperatures the respective dependent test statistics were combined
(collated p-value) using Brown’s method (Brown, 1975). Melting curves and melting points were
calculated based on fold-changes relative to the lowest temperature as previously described
and t-test based significances of differences in the melting points between treatments and
controls were calculated. Proteins fulfilling the following criteria were regarded as significantly
affected by the treatment: (1) = 3 qusm and = 2 qupm in at least two replicates (either in first or
second gradient part), (ll) localized to cell surface according to UniProt, (lll) cumulative
significance of protein abundance between treatments and controls fulfills the criteria:

I (2Fue > S){10g,(p-valle) > — =47}

Tvsc — S

, 1
If (2r;,c <-S){-log,,(p-value) >———  + P}
(S - ZrTvsC)
where zr, .is the cumulative log: ratio between treatments and controls (or log. ratio at most

significant temperature), s the standard deviation of the data set defined as 2x median standard
deviation of ratios for all proteins between replicates and P the minimal accepted logio
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transformed p-value set to p = 0.05 and (IV) absolute cumulative log- ratio between treatments
and controls (zr, ) 2 s. To reduce overestimations of significances of protein abundance

differences at high temperatures, proteins, for which the data accumulation started at T > T, + d
were Tn is the calculated melting point and d the temperature window between experimentally
selected temperatures, were excluded. Furthermore, significantly affected proteins, for which
data points were accumulated with high standard deviations (standard deviation > median
standard deviation + standard deviation of standard deviations at respective temperature), were
excluded.

For significantly affected proteins, two treatment-dependent effects could be distinguished: cell
surface abundance changes and thermal stability changes. Proteins with a significant
(p-value < 0.01) and an absolute relative fold change =2 10 % at 37 °C in treatments compared
to controls were regarded as significantly internalized/surface presented. Proteins with a
significant (p-value < 0.05) and an absolute thermal shift = 0.5 °C in treatments compared to
controls were regarded as significantly thermally shifted.

For isothermal dose response experiments, data analysis was performed as described (Savitski
et al., 2014; Franken et al., 2015). In brief, for good quantified proteins (qusm > 3) with an
abundance change of at least 50 % between vehicle and highest drug concentration, dose
response curves were fitted. Data is normalized by dividing the protein fold changes in each
condition (compound concentration or vehicle) by the median fold change of all proteins in that
condition. Fold changes are transformed to a range between 0 and 1, and sigmoidal curves are
fitted according to the formula:

_ 1
- 1+ 1O(Iog ECso—x)slope

y

For proteins with a coefficient of determination R2 > 0.8, the half-maximal effective concentration
was determined and negative logio transformed (pECso).
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4. Results

4.1. Optimization of cell surface proteome profiling

Cell surface proteins are generally low abundant compared A Na* 0 B
to many cytosolic proteins (Bausch-Fluck et al., 2015). To 0\\55" 0/_/ d o
enable comprehensive analysis of proteins of this O ;}
subcellular compartment by mass spectrometry-based © h Z o
proteomics, cell surface selective enrichment techniques

are usually applied. Two commonly used approaches were 0 5

evaluated in this thesis. The first technique is based on the N 5—
restricted biotinylation of cell surface accessible amine NH
groups with the membrane-impermeable biotinylation 5— HN"&O
reagent sulfo-NHS-LC-LC-biotin (Fig. 16A). The second HNM””
technique is based on selective biotinylation of glycosylated
cell surface proteins. Due to the prevalence of protein Fig. 16 Biotinylation reagents.
glycosylation for proteins destined for extracellular (A) Sulfo-NHS-LC-LC-biotin. (B)
environments (Roth, 2002), this two-step approach is Alkoxyamine-PEGa-biotin.
intrinsically selective for cell surface proteins. First, reactive aldehydes are introduced in the
carbohydrate chains by cleavage of vicinal diols primarily in sialic acids. In a second step, these
aldehydes are reacted with an aldehyde-reactive biotinylation reagent, e.g. alkoxyamine-PEG.-
biotin (Fig. 16B). Although H6rmann et al. recently showed that the amine-directed strategy was
superior in their hands (Hérmann et al., 2016), they mixed sodium metaperiodate with aniline
and the alkoxyamine-biotin which results in quenching of the biotinylation reagent. Thus, a new
comparison using optimized protocols was performed in this thesis. For that purpose, YT cells
were biotinylated at various incubation conditions and results were compared by staining blotted
proteins with Streptavidin DyLight800 (Fig. 17). A Coomassie-stained gel was used to check
equal amounts of loaded proteins. The amine-directed biotinylation showed an intense smear of
labeled proteins while less intense but sharper signals were detected in case of the
glycosylation-directed biotinylation. A reduction of the incubation temperature to 4 °C as well as
a prolonged incubation for 30 or 60 minutes did not show an influence on biotinylation signals.
Reduced concentrations of sulfo-NHS-LC-LC-biotin from 1 mM to 0.1 mM and 0.01 mM showed
decreased signal intensities but did not result in more defined bands. In case of alkoxyamine-
PEG-biotin, a prolonged incubation for 30 or 60 minutes slightly increased signal intensities but
a reduction of the reagent concentration led to a marked decrease in labeled proteins. To
investigate the selectivity of this biotinylation strategy for periodate-induced aldehydes, signal
intensities of biotinylated proteins were also compared in untreated, periodate-treated or
alkoxyamine-PEGas-biotin treated control samples. Only low intensities of endogenously
biotinylated proteins were detected for all three controls indicating the selectivity and necessity
for periodate-induced aldehydes in carbohydrate chains for alkoxyamine-PEGs-biotin based cell
surface biotinylation.

0 HN-—
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Fig. 17 Comparison of amine-reactive and glycosylation-directed protein biotinylation. For each
condition 0.5x10% YT cells were biotinylated either with sulfo-NHS-LC-LC-biotin (amine-reactive) or after
oxidation with 1 mM Na-metaperiodate over 10 min at 4 °C with alkoxyamine-PEGa-biotin (glyco-reactive).
Various concentrations, incubation times and temperatures were compared and 20 % of the samples
were loaded on 4-12 % SDS polyacrylamide gels after lysis in 4 % SDS. Untreated (Ctrl--), without
oxidation but with 1 mM alkoxyamine-PEGas-biotin treated (Ctrl-+) and 1 mM Na-metaperiodate treated
(Ctrl+-) cells were used as controls. (A) Blotted biotinylated proteins were stained with Streptavidin
DyLight800. (B) Coomassie-stained gel as loading control.

Following protein labeling, subsequent capturing and enrichment of these proteins with
streptavidin-coated beads was tested. YT cells were either biotinylated with 1 mM sulfo-NHS-
LC-LC-biotin or with 1 mM alkoxyamine-PEGs-biotin for 10 min. Subsequently, lysates were
incubated for 60 min at RT with 15 pL of streptavidin-coated beads on an overhead shaker. The
non-bound fraction was collected and proteins unspescifically bound to the affinity resin were
eluted by washing beads four times with 0.4 % SDS and 400 mM NaCl, eight times with
400 mM NaCl and eight times with 2 M urea. Bound biotinylated proteins were eluted by
incubating beads in 4 % SDS containing 10 mM biotin and 50 mM DTT for 15 min at 95 °C while
shaking. Beads were removed and equal volumes of lysate, non-bound fraction and eluate
corresponding to 1 % of the total lysate were analyzed by blotting and staining of biotinylated
proteins (Fig. 18). A Coomassie-stained gel was used as loading control indicating equal
amounts of loaded proteins in inputs and non-bound fractions. Untreated cells were used as
controls.
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Fig. 18 Elution of biotinylated proteins from streptavidin-coated beads by boiling. For each
condition 1x107 YT cells were biotinylated either with 1 mM sulfo-NHS-LC-LC-biotin (amine-reactive) or
with 1 mM alkoxyamine-PEGa-biotin (glyco-reactive) after oxidation with 1 mM Na-metaperiodate. Cells
were lysed in 4 % SDS and 95 % of the lysate were incubated with 15 pL streptavidin-coated beads for
60 min at RT. After washing, bound proteins were eluted by incubating (RT) and boiling (95 °C) the beads
each for 15 min in 4 % SDS containing 10 mM biotin and 50 mM DTT. Equal volumes corresponding to
1 % of the total lysate were loaded on 4-12 % SDS polyacrylamide gels. Lysate input (In), non-bound-
fraction (NB) and eluate-fraction (E) after streptavidin-enrichment. Untreated cells were used as controls.
(A) Blotted biotinylated proteins were stained with Streptavidin DyLight800. (B) Coomassie-stained gel as
loading control.

For both strategies incubation of the lysates with streptavidin-coated beads resulted in selective
and quantitative capturing of labeled proteins. Low biotin signal intensities (< 10 % of inputs) in
the eluates of both approaches showed inefficient elution of captured proteins. For further
comparison, 25 % of the elution fractions of both labeling strategies as well as of the control
were processed by in-gel digestion and 50 % of the resulting peptide mixtures were analyzed by
LC-MS/MS on a LTQ Orbitrap XL mass spectrometer using a 120 min gradient (Fig. 19). Total
ion chromatograms (TIC) of all three samples showed comparable but low signal intensities
suggesting low amounts of peptide species. This observation was in line with the low nhumbers
of identified proteins in all three samples filtered for identification with at least two total peptide
spectra matched (PSM). Comparable numbers of identified plasma membrane annotated
proteins according to UniProt were identified in the amine-directed and glycosylation-directed
biotinylation samples. However, the amine-directed sample showed higher contamination with
proteins of intracellular localization as indicated by absolute numbers and fractional
abundances. In this sample, less than 40 % of the total protein abundance (mslintensity-based
estimation) was associated to cell surface proteins. Furthermore, less than 20 % of this fraction
was related to proteins with annotated transmembrane domains suggesting inefficient
enrichment of cell surface accessible proteins. A more selective enrichment of cell surface
proteins was observed for the glycosylation-directed biotinylation experiment as nearly 60 % of
the total protein abundance was associated to proteins of this subcellular localization.
Furthermore, this fraction was composed to more than 50 % of transmembrane proteins
resulting in the highest number of identified plasma membrane receptors and transporters as
well as the best overall coverage and highest number of uniquely identified cell surface
transmembrane proteins.
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Fig. 19 Mass spectrometric analysis of enriched proteins after elution from streptavidin-coated
beads by boiling. Lysates of 1x107 YT-cells biotinylated with sulfo-NHS-LC-LC-biotin (amine-reactive) or
with alkoxyamine-PEGa4-biotin (glyco-reactive) were incubated for 60 min with 15 pL streptavidin-coated
beads. Untreated cells were used as control. After washing, bound proteins were eluted by boiling the
beads in 4 % SDS containing 10 mM biotin and 50 mM DTT. Subsequently, 25 % of the samples were
subjected to in-gel digestion and 50 % of the resulting peptide mixtures were analyzed by LC-MS/MS on a
LTQ Orbitrap XL mass spectrometer using a 120 min gradient. Identified proteins were filtered for
PSM = 2. (A) Total ion chromatogram (TIC) of biotinylated and control samples. (B) Number of identified
proteins grouped by annotated subcellular localization and colored by annotated molecular function
(UniProt) (C) MS1Intensity-based estimation of fractional abundances of identified proteins grouped by
their annotated subcellular localization (large cake diagram). Fractional abundances of plasma membrane
proteins grouped by number of annotated transmembrane domains are shown in the small cake diagram.
(D) Overlap of identified plasma membrane associated proteins with annotated transmembrane domains
(UniProt) in the respective samples.
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However, the low TIC, the overall low numbers of identified proteins and the previous blotting
results implied an inefficient elution of bound proteins from streptavidin-coated beads by boiling.
A common alternative elution strategy in proteomic workflows utilizes protease cleavage on the
affinity resin as also applied for elution of cell surface biotinylated proteins (Weekes et al.,
2012). This on-bead digestion was evaluated for both cell surface biotinylation strategies by
repeating the previous experiment with on-bead digestion using the protease trypsin.
Subsequently, collected peptide mixtures were desalted and 30 % of the samples were
analyzed by LC-MS/MS on a LTQ Orbitrap XL mass spectrometer using a 120 min gradient
(Fig. 20). Untreated cells were used as control. Total ion chromatograms of both biotinylation
samples showed comparable signal intensities and equal sample loadings. In turn, the control
on-bead digestion sample showed a much less complex chromatogram. Glycosylation-directed
biotinylation resulted in the highest number of identified plasma membrane proteins with about
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50 % more cell surface proteins after on-bead digestion compared to elution by boiling (221
versus 149 plasma membrane proteins). Furthermore, the glycosylation-directed biotinylation
sample was less contaminated with intracellularly localized proteins compared to the amine-
directed strategy according to absolute numbers and fractional abundances. In this sample,
more than 60 % of the total protein abundance was associated to cell surface proteins
predominantly containing transmembrane domains. In summary, the glycosylation-directed
biotinylation resulted in the highest number of identified plasma membrane receptors and
transporters, the best overall coverage of cell surface annotated proteins as well as the highest
number of uniquely identified cell surface transmembrane proteins. Based on this outcome, the

glycosylation-directed biotinylation was selected for all further experiments.
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Fig. 20 Mass spectrometry analysis of enriched proteins after on-bead digestion from streptavidin-
coated beads. Lysates of 1x107 YT-cells biotinylated with sulfo-NHS-LC-LC-biotin (amine-reactive) or
with alkoxyamine-PEGa4-biotin (glyco-reactive) were incubated for 60 min with 15 pL streptavidin-coated
beads. Untreated cells were used as control. After washing, bound proteins were eluted by on-bead
digestion with 800 ng trypsin for 16 h. The samples were desalted and 30 % of the resulting peptide
mixtures were analyzed by LC-MS/MS on a LTQ Orbitrap XL mass spectrometer using a 120 min
gradient. Identified proteins were filtered for PSM = 2. (A) Total ion chromatogram (TIC) of biotinylated
and control samples. (B) Number of identified proteins grouped by annotated subcellular localization and
colored by annotated molecular function (UniProt). (C) MS1Intensity-based estimation of fractional
abundances of identified proteins grouped by their annotated subcellular localization (large cake
diagram). Fractional abundances of plasma membrane proteins grouped by number of annotated
transmembrane domains are shown in the small cake diagram. (D) Overlap of identified plasma
membrane associated proteins with annotated transmembrane domains (UniProt) in the respective
samples.
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Previously published protocols for glycosylation-directed biotinylation and enrichment of cell
surface proteins (Wollscheid et al., 2009) commonly utilize the endoglycosidase PNGase F for
selective elution after streptavidin-based enrichment. This enzyme cleaves asparagine-linked
(N-linked) oligosaccharides from glycoproteins liberating the biotinylated sugar chain and
converting the asparagine into aspartic acid. Due to the intrinsic selectivity of PNGase F
cleavage, this elution procedure was tested as an alternative for the on-bead digestion
potentially increasing selectivity for cell surface proteins. Cells were labeled with alkoxyamine-
PEG:-biotin and biotinylated proteins were enriched with streptavidin-coated beads. After
stringent washing, beads were incubated over 3 h at 37 °C with PNGase F at various enzyme
activities and eluates were subjected to in-gel digestion. Subsequently, 30 % of the resulting
peptide mixtures were analyzed by LC-MS/MS on a Q Exactive Hybrid-Quadrupole-Orbitrap
mass spectrometer using a 270 min gradient (Fig. 21A and C). Elution of glycosylated proteins
with 0.25, 0.5 and 1 U of PNGase F resulted in low total numbers of identified proteins and the
enrichment of cell surface proteins was low according to fractional abundances. Due to these
results, the experiment was repeated with higher units of PNGase F as well as trypsin on-bead
digestion as positive control after PNGase F elution (Fig. 21B and D).
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Fig. 21 Elution of biotinylated proteins from streptavidin-coated beads by deglycosylation with
PNGase F. Lysates of 1x107 YT-cells biotinylated with 1 mM alkoxyamine-PEGa-biotin were incubated for
60 min with 15 L streptavidin-coated beads. After washing, bound proteins were eluted over 3 h at 37 °C
by cleavage with PNGase F at indicated enzyme activities. A tryptic on-bead digestion after incubation
with 0.5 U PNGase F was used as positive control. PNGase F eluates were subjected to in-gel digestion
and 30 % of the resulting peptide mixtures were analyzed by LC-MS/MS on a Q Exactive Hybrid-
Quadrupole-Orbitrap mass spectrometer using a 270 min gradient. The peptide mixture after on-bead
digestion was desalted and 30 % of the resulting peptide mixture was analyzed with a 120 min gradient
on a LTQ Orbitrap mass spectrometer. Identified proteins were filtered for PSM = 2. (A) Number of
identified proteins after elution with 0.25, 0.5 and 1 U of PNGase F grouped by annotated subcellular
localization and colored by annotated molecular function (UniProt). (B) As in (A) but comparing samples
after elution with 0.5 and 2.5 U of PNGase F as well as after tryptic on-bead digestion following elution
with 0.5 U of PNGase F. (C) MS1Intensity-based estimation of fractional abundances of identified
proteins in (A) grouped by their annotated subcellular localization. (D) As in (C) but using samples of (B).
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Similarly, the elution with 2.5 U of PNGase F resulted in low numbers of identified proteins.
Tryptic on-bead digestion as positive control after elution with PNGase F resulted in a
comparable number and fractional abundance of identified cell surface proteins as compared to
previous on-bead digestion experiments. These results confirmed the inefficient elution of
enriched proteins by PNGase F. However, published protocols utilize PNGase F after
enrichment of already in-solution digested biotinylated glycoproteins. Thus, in an additional
experiment two cell lines (Ramos, THP-1) were cell surface labeled in two biological replicates
and biotinylated proteins were enriched. Following tryptic on-bead digestion and stringent
washing, remaining bound glycopeptides were eluted with 0.5 U of PNGase F. Subsequently,
30 % of the resulting peptide mixtures were analyzed by LC-MS/MS on a Q Exactive Hybrid-
Quadrupole-Orbitrap mass spectrometer using a 270 min gradient (Fig. 22). These experiments
resulted in high numbers of identified cell surface proteins. Fractional abundances between
86 % and 95 % for cell surface proteins suggested highly selective enrichments and elutions of
proteins of this subcellular localization. However, as the majority of proteotypic peptides are
removed by the preceding on-bead digestion, the performance of this approach had to be
compared to ftryptic on-bead digestion. This comparison was performed after further
optimizations for the cell surface biotinylation approach were applied.
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Fig. 22 Selective elution of biotinylated peptides by deglycosylation with PNGase F after on-bead
digestion. Enriched biotinylated cell surface proteins of two biological replicates of Ramos and THP-1
cells were eluted first by on-bead digestion with trypsin followed by selective elution of still bound
glycopeptides by deglycosylation with PNGase F. Samples were analyzed by LC-MS/MS on a Q Exactive
Hybrid-Quadrupole-Orbitrap mass spectrometer using a 270 min gradient. Identified proteins were filtered
for Mascot score > 20. (A) Number of identified proteins grouped by annotated subcellular localization
and colored by annotated molecular function (UniProt). (B) MS1-intensity-based estimation of fractional
abundances of identified proteins grouped by their annotated subcellular localization.

Aniline is described as a catalyst for oxime ligations by accelerating reactions between
periodate-induced aldehydes and alkoxyamine-containing biotinylation reagents and thereby
enabling efficient and fast labeling of viable cells under physiological conditions (Zeng et al.,
2009). Thus, aniline catalysis was evaluated as an additional optimization for cell surface
proteome biotinylation (Fig. 23). For that purpose, cell surface proteins were labeled in presence
of absence of aniline with two biotinylation reagent concentrations (0.1 mM and 1 mM) and
enriched proteins were eluted from streptavidin-coated beads by tryptic on-bead digestion. In
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both cases, labeling in the presence of 10 mM aniline resulted in an increase in the number of
identified plasma membrane proteins by 15 to 20 %. Furthermore, biotinylation with 0.1 mM
alkoxyamine-PEG:;-biotin in presence of aniline led to an increased fractional abundance for cell
surface proteins compared to biotinylation without aniline. Therefore, aniline catalysis was used
for all further cell surface biotinylation experiments.
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Fig. 23 Aniline catalysis of glycosylation-directed cell surface proteome mapping. K562 cells were
labeled with 0.1 mM or 1 mM alkoxyamine-PEGa4-biotin in presence or absence of 10 mM aniline and
biotinylated proteins were enriched with streptavidin-coated beads. Untreated cells were used as control.
After washing, bound proteins were eluted by tryptic on-bead digestion and 30 % of the resulting peptide
mixtures were analyzed by LC-MS/MS on a Q Exactive Hybrid-Quadrupole-Orbitrap mass spectrometer
using a 270 min gradient. Identified proteins were filtered for PSM > 2. (A) Number of identified plasma
membrane associated proteins colored by annotated molecular function (UniProt). (B) MS1-intensity-
based estimation of fractional abundances of identified proteins grouped by their annotated subcellular
localization.

The cell surface proteome mapping approach was intended to be utilized for the comprehensive
analysis of cell surface proteomes with low mass spectrometry resource consumption. This
requires a robust method enabling good coverage of cell surface proteins and reproducible
results. Thus, the cell surface proteome mapping method was tested for both aspects based on
two suspension and two adherent cell lines each in four biological replicates (Fig. 24). Highly
reproducible cell surface proteome maps were observed for all four cell lines as indicated by
high coefficients of correlation between replicates for ms1intensity-based abundance
estimations (Fig. 24A) and tight clustering of replicates for each cell line in a principal
component analysis (Fig. 24B). Analysing the cumulative increase in identified cell surface
proteins per number of replicates suggested that saturation is almost reached after two
replicates (Fig. 24C). Whilst the second replicate on average added 9 % coverage, the third and
fourth replicate only added 3 % and 2 %, respectively. Based on these results all further cell
surface proteome mappings were performed in two biological replicates.
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Fig. 24 Reproducibility and protein coverage of the cell surface proteome mapping. Cell surface
proteome mappings of the adherent cell lines HeLa and HEK293 as well as of the suspension cell lines
Jurkat and THP-1 in four biological replicates. Samples were analyzed by LC-MS/MS on a Q Exactive
Hybrid-Quadrupole-Orbitrap mass spectrometer using a 270 min gradient. Identified proteins were filtered
for PSM > 2. (A) Scatter plot comparison of ms1-intensity based abundance estimations of identified cell
surface proteins in two biological replicates of the cell surface proteome mappings on HelLa (top) and
THP-1 (bottom) cells. Proteins colored according to annotated molecular function (UniProt). (B) Principal
component analysis based on identified cell surface proteins and their estimated abundances. Replicates
are linked by lines. (C) Cumulative increase in numbers of identified cell surface proteins per number of
replicates.

Finally, tryptic on-bead digestion and PNGase F elution were compared based on cell surface
proteome biotinylations of 11 cell lines and primary cells in two biological replicates. Isolation of
primary cell types from human blood were evaluated by immunoblotting for cell type specific cell
surface markers as well as by comparing ms1intensity-based abundance estimations of these
markers in trypsin samples (supplemental Fig. 1). After streptavidin-based enrichment,
biotinylated proteins were eluted by tryptic on-bead digestion followed by glycopeptide elution
with PNGase F. Resulting peptide mixtures were analyzed by LC-MS/MS on a Q Exactive
Hybrid-Quadrupole-Orbitrap mass spectrometer using a 270 min gradient (Fig. 25).
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Fig. 25 Comparison of tryptic on-bead digestion and PNGase F based glycopeptide elution. Cell
surface proteomes of cell lines and primary cells were biotinylated in two biological replicates and labeled
proteins were enriched with streptavidin-coated beads. Bound proteins were eluted consecutively by
tryptic on-bead digestion and by deglycosylation with PNGase F. Samples were analyzed by LC-MS/MS
on a Q Exactive Hybrid-Quadrupole-Orbitrap mass spectrometer using a 270 min gradient. Identified
proteins in trypsin samples were filtered for PSM > 2. Identified proteins in PNGase F samples were
filtered for Mascot score >20. Dashed lines indicate average numbers for trypsin and PNGase F
samples. (A) Average numbers of identified unique peptides for plasma membrane associated proteins
(UniProt). (B) Numbers of identified plasma membrane associated proteins. (C) Numbers of identified
cytoplasmic proteins. (D) MS1-intensity-based estimation of fractional abundances of identified cell
surface proteins.

Both approaches were compared based on selectivity, sensitivity and protein coverage. Proteins
associated with the plasma membrane were the most abundant proteins for all tested cell lines
and primary cells, indicating an efficient enrichment strategy for both approaches. In case of
tryptic on-bead digestion, on average 79% of the total protein abundance was attributed to cell
surface associated proteins, while in case of PNGase F samples, fractional abundances of
proteins of this subcellular localization were on average 11% higher (Fig. 25D). In line with
these results, more proteins with cytoplasmic annotation were identified in on-bead digestion
samples compared to PNGase F samples (on average 329 vs. 23, Fig. 25C). However, tryptic
on-bead digestion yielded more than twice as many plasma membrane proteins as the
PNGase F strategy (on average 781 vs. 337, Fig. 25B) and protein identifications were based
on nearly twice as many unique peptides (on average 10.2 vs. 5.7, Fig. 25A). Because of the
substantially higher coverage achieved and the modest loss in specificity, the PNGase F
digestion step was omitted in the following experiments and analyses were focused on the
complete sets of tryptic peptides generated by on-bead proteolysis from individual samples.

With all optimizations, the cell surface proteome mapping approach was benchmarked against
deep whole proteome analysis which enables comprehensive coverage of even low abundant
proteins. However, the disadvantage of this method is its high mass spectrometry resource
consumption. Here, the plasma membrane proteome coverage of the glycoproteome
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enrichment strategy was compared to published full expression proteomics analyses for three
cell lines (Jurkat, MCF7, HelLa, Geiger et al., 2012, Fig. 26).
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Fig. 26 Comparison of cell surface proteome mapping and whole proteome analysis. Cell surface
proteome enrichments (SE) and published whole proteome analyses (WP, Geiger et al., 2012) of Jurkat,
MCF7 and HelLa cells. Cell surface enrichment samples were analyzed with a single 270 min gradient.
Whole proteome data was based on 3 replicates each fractionated into 6 fractions corresponding to 60 h
total analysis time per cell line. Cell surface enrichment data was filtered for PSM = 2. (A) Number of
identified cell surface associated proteins (UniProt). (B) Number of identified cell surface associated
proteins with annotated transmembrane domains (UniProt). (C) Average number of identified unique
peptides for cell surface associated proteins with annotated transmembrane domains.

While cell surface enriched samples were analyzed in a single 4 h LC-MS/MS run, the published
whole proteome data was based on 3 replicates each fractionated into 6 fractions corresponding
to 60 h total analysis time per cell line. On average, whole proteome analyses yielded 7520
proteins of which 1402 were annotated to be plasma membrane associated compared to on
average 835 plasma membrane associated proteins identified with the cell surface protein
enrichment strategy (Fig. 26A). However, the majority of the plasma membrane associated
proteins found in the expression proteomics analyses are not integral membrane proteins but
include enzymes and other proteins that are localized at the cytosolic side of the plasma
membrane. In contrast, for proteins with annotated transmembrane domains, the cell surface
labeling strategy achieved on average a 20 % higher coverage (445 expression proteomics vs.
535 cell surface enrichment) including 40 % more plasma membrane receptors and transporters
(230 expression proteomics vs. 322 cell surface enrichment, Fig. 26B). In summary, due to the
significantly lower complexity of the cell surface enriched samples, a higher cell surface
presented plasma membrane proteome coverage (with comparable sequence coverage
according to average number of identified unique peptides per protein, Fig. 26C) was achieved
with less than 10% of the MS analysis time compared to whole proteome analysis. Furthermore,
whole proteome analysis does not allow for the distinction of cell surface presented from
intracellularly stored fractions of a protein preventing e.g. the detection of ligand or compound
induced internalization events of cell surface proteins.
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4.2. Cell surface proteome mapping of cell lines and primary cells

To demonstrate the applicability of the cell surface labeling strategy for large scale studies and
to generate a cell line-specific inventory of the plasma membrane proteome, 15 commonly used
human cell lines and three primary cell types isolated from human blood were analyzed
(Table 1). This selection included ten adherent epithelial cell lines from various tissue origins,
four lymphoblastic suspension cell lines and one monocytic cell line (THP-1) that can be
differentiated into macrophage- and osteoclast-like adherent cells (Schwende et al., 1996; Park
et al., 2012). For comparison to primary cells, B-cells, T-cells and NK-cells were isolated from
human blood and compared to the lymphoblastic cell lines Ramos, Jurkat and YT, respectively.
Each cell line and primary cell type was analyzed in two biological replicates by LC-MS/MS on a
Q Exactive Hybrid-Quadrupole-Orbitrap mass spectrometer using a 270 min gradient.

Cell line Morphology Tissue/Cells
A549 epithelial Lung
HelLa epithelial Cervix

HepG2 epithelial Liver

HEK293 epithelial Kidney
Panc epithelial Pancreas
PC-3 epithelial Prostate
MCF7 epithelial Mammary breast gland

us87MG epithelial Brain

CaCo2 epithelial Colon
Saos2 epithelial Bone
Ramos lymphoblastic B-cells
K562 lymphoblastic B-cells
YT lymphoblastic NK-cells
Jurkat lymphoblastic T-cells
THP1 mono. monocytic Monocyte
THP1 macro. macrophage-like Macrophage
THP1 osteo. osteoclast-like Osteoclast
THP1 PMA+Dasa - -
primary B lymphoblastic B-cells
primary T lymphoblastic T-cells
primary NK lymphoblastic NK-cells

Table 1 List of cell lines and primary cell types for cell surface proteome mapping
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Fig. 27 Cell surface proteome mapping of primary cell types and standard laboratory human cell
lines. Cell surface proteome mappings were conducted in two biological replicates for 15 standard
laboratory human cell lines and 3 primary human cell types. Data was filtered for PSM = 2. (A) Average
overlap of identified proteins in two biological replicates of plasma membrane proteome mappings of cell
lines and primary cell types (n=18, standard deviation in percentage). (B) Total number of identified
proteins (large cake diagram) grouped by their annotated subcellular localization (UniProt) and annotated
common bead background proteins (CRAPome). Plasma membrane proteins grouped by their annotated
molecular function are shown in the small cake diagram. (C) As in (B), but based on estimated fractional
abundance of identified proteins.

Cell surface proteome profiling experiments yielded on average 855 plasma membrane and
secreted proteins with high reproducibility and high overlap in identified proteins between
replicates (Fig. 27A). In the combined dataset a total of 2431 plasma membrane proteins were
identified including 604 receptors, 307 transporters, 502 enzymes, 768 proteins with other
molecular functions such as GTPase activation, developmental protein, cytokine or chaperone
and 250 proteins with no annotated molecular function (Fig. 27B). In total, 192 out of 397 known
SLC transporters and 29 out of 47 known ABC transporters were identified. Fractional
abundance estimations revealed that on average 77 % of the total protein abundance per
sample could be attributed to plasma membrane associated and secreted proteins and less
than 10 % was derived from common bead background binding proteins, as annotated by the
contaminant repository of affinity purifications (CRAPome, Mellacheruvu et al., 2013, Fig. 27C).
The majority of the remaining 15 % were derived from proteins with intracellular membrane or
unknown membrane localization. Potentially these proteins have a missing cell surface
annotation. Finally, other non-membrane proteins could be co-enriched by association to
cytosolic parts of cell surface transmembrane proteins.
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Fig. 28 Comparison of plasma membrane proteomes of cell lines and primary cells. Cell lines and
primary cell types were compared based on identified cell surface proteomes and msl-intensity based
abundance estimations. (A) Principal component analysis of cell line and primary cell surface proteomes
in two biological replicates. The first two principal components account for 29 % of the total variation.
Axes are labeled with the percent total variance of the corresponding principal component. Biological
replicates are connected by lines. Epithelial, lymphoblastic and primary cells are grouped in boxes. (B)
Heat map representation of the cell surface proteomes based on protein abundances and average
linkage clustering using a Euclidian distance matrix.

Principal component analysis based on the measured plasma membrane protein abundances
clustered cell surface mapping replicates in close proximity along the first and the second
principle component axes (Fig. 28A). On the first principal component, cell systems were
grouped in three distinct clusters separating epithelial from lymphoid cell lines as well as primary
cells from cell lines typically used as a model for these primary cells (e.g., Jurkat cells are a
model for T-cells, Ramos cells are a model for B-cells, etc.). The second principal component
further separates cells within each cluster, e.g. the osteoclast and macrophage-like cell lines
derived from the monocytic cell line THP-1. Hierarchical clustering yielded similar grouping of
cell lines (Fig. 28B). This clustering on protein level identified differential presentation of surface
proteins. A distinct protein cluster (red box) was common to the tested primary cells and
included chemokine receptors, clusters of differentiation, interleukin receptors, integrins and
also a number of solute carrier proteins e.g. SLC18A2 (amine transporter), SLC2A5 (fructose
transporter) and SLC2A9 (fructose and glucose transporter). GO-term s of biological processes
for immune response, inflammatory response or platelet activation were enriched amongst the
significantly higher expressed proteins (p-value < 0.05) in primary cells as compared to cell lines
while GO-term s for transmembrane transport processes were enriched amongst the
significantly higher expressed proteins in cell lines (supplemental Fig. 2). Differences between
cell lines and primary cells were also observed when comparing protein abundances of selected
protein families like ATP binding cassette-transporters (ABC), clusters of differentiation (CD), G-
protein coupled receptors (GPCR), integrins and solute carrier (SLC) transporters (Fig. 29 and
supplemental Fig. 3).
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Fig. 29 Comparison of cell surface proteomes based on CD proteins and SLC transporters. Cell
lines and primary cell types were compared based on identified cell surface protein groups and
ms1-intensity based abundance estimations. (A) Relative abundance and absolute number of identified
CD proteins. Relative abundance is defined as the sum of ms1 signal intensity of CD proteins divided by
the ms1 signal intensity summed over all plasma membrane proteins. (B) Heat map representation based
on CD protein abundances and average linkage clustering using a Euclidian distance matrix. (C) As in (A)
but based on SLC transporters. (D) as in (B) but based on SLC transporter classes.

For primary cell types on average 59 CD proteins were detected compared to 34 in the
corresponding cell lines but the cumulative relative abundance was similar among the different
cells (Fig. 29A and B). In contrast, primary and immortalized cells on average showed similar
numbers of expressed SLC proteins (58 vs. 64) but their cumulative relative abundance was
much lower in primary cells compared to their cognate cell lines (4 % vs. 18 %, Fig. 29C and D).
Exceptions are the facilitative GLUT transporters (SLC2, Mueckler and Thorens, 2013), the
choline-like transporters (SLC44, Traiffort et al., 2013) and the SLC25 mitochondrial carrier
family (Palmieri, 2013) which were present with similar abundances on all selected cell lines and
primary cells. Other SLC transporter groups like the amino acid and nucleoside transporters
SLC1, SLC7, SLC38 and SLC29 (Fotiadis et al., 2013; Kanai et al., 2013; Schiéth et al., 2013;
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Young et al., 2013) were substantially more abundant in cell lines. Furthermore, primary cells
showed more GPCRs (56 vs. 23) (supplemental Fig. 3) which is in line with previously published
transcriptomic profiles (Groot-Kormelink et al., 2012) and a higher relative cumulative
abundance of integrins (17 % vs. 9 %).

4.3. An interactive tool for visualization of the cell surface proteome
compendium and associated annotations

Protein databases play a crucial role in biological data analysis. The most widely used protein
database is UniProt (Xu, 2004). Its web-accessible portal offers a wide variety of protein
information, including annotations of protein function, topology, domains and post-translational
modifications. Other tools and databases like Phobius (Kéll et al., 2004), STRING (Jensen et al.,
2009), PhosphoSitePlus (Hornbeck et al., 2012) and iHOP (Hoffmann and Valencia, 2004) offer
additional information about transmembrane topology, protein-protein interaction networks,
post-translational modifications as well as phenotypes, pathologies and gene functions,
respectively. In addition, databases like DrugBank (Wishart et al., 2008) and ChEMBL (Gaulton
et al.,, 2012) provide valuable information about drugs, drug targets, binding affinities and
selectivities of compounds. Incorporation of multiple databases for biological data analysis often
supports data interpretation and deciphering biological rationales (Xu, 2004). However,
gathering multiple database annotations on a proteome-wide scale can be tedious and difficult
to integrate. For that purpose, an interactive tool was developed and programmed in C# which
combines annotations from UniProt with information from Phobius, STRING, PhosphoSitePlus,
ChEMBL, DrugBank and iHOP. This tool enables a well-structured visualization of annotated
information as well as a two-dimensional illustration of protein topologies and domains inspired
by the web-tool Protter (Omasits et al., 2014). Furthermore, visualization of the generated
compendium of cell surface proteome maps facilitates easy selection of the most relevant in
vitro cell systems which express cell surface proteins of interest. The main interface of the
application showing annotated information for a protein of interest is illustrated in Fig. 30.
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Fig. 30 Main interface of the database-integrating tool. The application is written in C# and uses data
provided by several databases like UniProt. (A) Two dimensional illustration of amino acid sequence with
protein topology (based on UniProt or Phobius) indicating e.g. extracellular, transmembrane and
cytoplasmic domains as well as secondary structures like alpha helices, beta sheets and turns. Locations
of common post-translational modifications like phosphorylations or glycosylations are highlighted.
Annotated functional domains and binding regions are marked by green and pink boxes, respectively. MS
compatible peptides are colored in orange. Protein name aliases and a functional description are shown
in a textbox. (B) Interface for protein search and selection. (C) Filters for protein search. (D) Settings for
visualizations like cleavage sites of common proteases (e.g. trypsin), MS compatible peptides, secondary
structures and protein domains. (E) List of protein domains with amino acid indices which can be
highlighted in the visualization. (F) Estimated mslintensity-based protein abundances from the generated
cell surface proteome mapping compendium. (G) UniProt annotated gene ontology terms. (H) Keywords
occurring in IHOP terms for the selected protein ranked by frequency. (I) List of interaction partners with
scores annotated by STRING. (J) List of DrugBank-annotated drugs for the selected protein. (K)
Additional functionalities of the application like iIHOP reverse search, browsing ChEMBL inhibitor data or
visualization of cell surface protein expression.

The main interface enables searching for human proteins and filtering according to annotated
subcellular localization or molecular function. Upon protein selection, the application visualizes
the annotated topology of the protein in a two-dimensional graphical illustration. If topology
annotation is incomplete, the application predicts missing topology information based on
existing annotations. For example, if transmembrane domains are annotated in addition to at
least one extramembrane domain, missing domains are alternately predicted on one side of the
membrane as illustrated in supplemental Fig. 4. The tool furthermore allows visualization of
annotated secondary structures. Alpha-helical structures are indicated by red “helices”, beta-
sheets are indicated as green “zigzags” and turns are indicated as blue “Ts”. Annotated
post-translational modifications like glycosylations, phosphorylations and disulfide-bridges are
shown as red, green and yellow-colored amino acids. Clicking on the amino acids highlights
additional available details about the respective post-translational modification like the biological
effect of a phosphorylation or linkage of cysteins by disulfide-bridges. Annotated functional
domains and binding regions can be highlighted as green and pink boxes, respectively.
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Descriptions for these domains and regions are displayed when the mouse is hovered over
them. An in-silico digestion with a selected protease can be performed to illustrate cleavage
sites as well as resulting mass spectrometry-compatible peptides (orange-circled amino acids).
Based on the compatible peptides, a theoretical sequence coverage is calculated. The tool also
enables searching for specific amino acid sequences with regular expressions. An example is
the search for the N-linked glycosylation motif N-X-S/T (X representing any amino acid).
Entering “NXS” or “NXT” to the sequence search field highlights all possible N-linked
glycosylation motifs in the selected protein sequence. MSlintensity-based expression level
estimations of the protein observed in the compendium of cell surface proteome maps are
visualized in a bar plot. Lymphoid cell lines are colored in blue, epithelial cell lines are colored in
green and primary cell types are colored in red. Besides additional GO-term annotations and
DrugBank-linked drugs, protein interaction partners are listed ranked by STRING-derived
scores. The web-tool iIHOP provides information about phenotypes, pathologies and functions of
a protein of interest by summarizing sentences which are originating from scientific literature in
PubMed. This enables an initial and quick overview about the biological relevance of a protein.
The summarized iHOP sentences for the selected protein can be accessed within the
application in a new window. The application further condenses this information by listing
recurrently occurring terms in the iIHOP sentences ranked by frequency. These “iIHOP terms”
are displayed in the main interface. In case of the example protein CXCR4, the terms HIV-1,
chemokine receptor, cancer and metastasis are most frequently occurring terms in PubMed
literature about this protein. In addition to the original use of the iIHOP information for an
overview about a single protein, the developed application also enables a reversed search
which can be accessed in a subwindow (Fig. 31). This reversed search allows identification of
proteins for which iIHOP entries are recurrently containing a term of interest. This enables
identification of potential proteins of interest e.g. involved in a biological question.

Search for #tophits  #iHOP entires
-
Localizations Plasma membrane [V] Secreted Cytoplasm Intracelular membrane Mucleus Nueleus membrane Undefined membrane Unknown Found Proteins

Protein:MIF o MsmﬁBE}
«Surprisingly, lens 10K proteins appear to be identical to a lymphokine, macrophage migration inhibitory factor (MIF), originally identified in activated human T cells. = csr 17
+Macrophage migration inhibitory factor (MIF) was the first ymphokine identified in activated T-lymphocytes. gg;sﬁs%s}
+To examine the effects of nuclear factor kappa B (NF-kappaB) inhibition on the secretion of macrophage migration inhibitory facter (MIF) in human CD4(+) T cells CSF2 (94}
+The protein that has been historically called macrophage migration inhibitory factor (MIF) was one of the first cytokine activities to be discovered and was originally described to be a T lymphocyte product that ggfg “7323))

inhibited the random migration of macrophages. PONZ (0)
-Macrophage migration inhibitory factor (MIF) is a proinflammatory cytokine released from T-cells and macrophages ééﬂ}{?g 16
+Macrophage migration inhibitory factor (MIF) is a proinflammatory cytokine secreted by activated T cells and macrophages that has antiapoptotic, proproliferative, and chemotactic effects. m;;% \‘3?
+OBJECTIVE: To explore the association of promoter polymorphisms of macrophage migration inhibitory factor (MIF) gene with obesity. Subjects:In total, 213 nondiabetic Japanese subjects. HSMCR30 ‘)45)
«Macrophage migration inhibitory factor counterregulates dexamethasone-mediated suppression of hypoxia-inducible factor-1 alpha function and differentially influences human CD4+ T cell proliferation under ggf“ﬁ)

hypoxia IFNG (43)
«Macrophage migration inhibitory factor (MIF) may play a role in immune responses to malaria during pregnancy by virtue of its ability to activate macrophages and to overcome the immunosuppressive effect égfg “:22))

of glucocorticoids NR1H3 {41)

«In this study, evidence was sought for a direct involvement of macrophage migration inhibitory factor (MIF) in the pathogenesis of AAA through up-requlating MMPs, with particular reference to macrophages

+OBJECTIVE: To study whether genetic variants of macrophage migration inhibitory factor (MIF), the MIF -173G>C and CATT(5-8) alleles, are associated with disease severity and levels of circulating MIF in
patients with rheumnatoid arthritis (RA).

+*BACKGROUND & AIMS: Macrophage migration inhibitory factor (MIF), originally described as an inhibitor of the random migration of macrophages, has been shown recently to be involved in the
pathogenesis of several inflammatory diseases such as sepsis

+OBJECTIVE: To establish linkage and replicate the association of macrophage migration inhibitory factor (MIF) with juvenile idiopathic arthritis (JIA).

+OBJECTIVE: To determine if polymorphisms of the macrophage migration inhibitory factor (MIF) gene are associated with juvenile idiopathic arthritis (JIA).

+OBJECTIVE: To determine if polymorphisms of the macrophage migration inhibitory factor (MIF) gene are associated with systemic-onset juvenile idiopathic arthritis (JIA).

+OBJECTIVES: To address the clinical relevance of macrophage migration inhibitory factor (MIF) promoter polymorphisms in oligoarticular juvenile idiopathic arthritis (0-JIA) by evaluating their associations
with serum and SF MIF levels, with response to intra-articular glucocorticoid injections and with outcome of the disease.

+Macrophage migration inhibitory factor (MIF) is a cytokine that is secreted by the anterior pituitary and immune cells in response to surgical stress, injury, and sepsis.

-Increases in serum macrophage migration inhibitory factor in patients with severe sepsis predict early mortality. -

Fig. 31 iHOP reverse-search interface. This subwindow interface allows a reversed iHOP search to
identify proteins for which iHOP entries frequently contain a searched term. The tool enables quick
identification of proteins filtered by subcellular localization, which are frequently described with a relation
to a searched term.

In this example, the iIHOP reverse search function of the application was used to identify
proteins which are recurrently occurring in the literature with a link to the search term
“‘macrophage”. Proteins are sorted by occurrence of the search term in their IHOP sentences
and can be filtered for subcellular localization. Proteins and the respective iIHOP entries
containing the search term with weblinks to the original publication are listed. The top3 results of
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the example search were the macrophage migration inhibitory factor (MIF), the macrophage
scavenger receptor (MSR1) and the macrophage colony-stimulating factor 1 (CSF1).

The ChEMBL database provides information about drug targets, binding affinities and
selectivities of compounds. The application enables the search for inhibitors of a protein of
interest. Results can be sorted by half maximal inhibitory concentrations (ICsg). To estimate the
selectivity of compounds, a reversed search lists all additional proteins inhibited by the
compounds. Results can be filtered for an ICso cutoff and protein subcellular localization
(Fig. 32).
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Fig. 32 ChEMBL inhibitor interface. This subwindow interface allows quick identification of described
inhibitors for a specific protein or determination of described protein targets for a selected drug. Results
can be filtered for drug potencies based on ICso values and for proteins according to their annotated
subcellular localization.

In the example, ChEMBL entries were searched for the multidrug-resistance transporter
ABCB1. Among the many inhibitors, the four commercially available inhibitors verapamil,
elacridar, vinblastine and zosuquidar were selected for a reversed search. Results were filtered
for an ICso lower than 1 pM. Results are displayed in a table or can be visualized as a heatmap.

The cell surface proteome mapping compendium provides guidance for selection of cell
systems expressing a protein of interest. The data of the compendium is visualized in an
additional subwindow in the application (Fig. 33). Proteins of interest can be selected and their
mslintensity-based expression level estimations are displayed in a heatmap. Hierarchical
clustering of the heatmap enables quick identification of commonalities, and furthermore cell
systems can be selected for improved clarity.
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Fig. 33 Visualization of the cell surface proteome mapping compendium. This subwindow allows
comparison of protein expression levels determined in cell surface proteome mappings. The tool can be
used to identify suitable cell systems which are expressing proteins of interest. Average
mslintensity-based abundance estimations for respective proteins are colored from white (low
expression) to red (high expression). Proteins and cell systems can be clustered based on the observed
protein expression.

In summary, the developed application combines information from multiple databases and
web-accessible tools with the compendium of cell surface proteome maps generated in this
thesis. This integration of annotated protein information can assist the design of experimental
setups and can support biological data interpretation as well as deciphering biological
rationales.

4.4. Monitoring the cell surface proteome of differentiating monocytes

Human biology is determined by dynamic processes, in which environmental changes or
external stimuli induce cellular adaptation or differentiation. To monitor dynamic processes
occurring at the cell surface during such transitions, a tandem mass tag (TMT)-based cell
surface proteomics strategy was devised which enabled multiplexed measurements of up to ten
samples without missing values (Werner et al., 2012). This strategy was applied for the
time-resolved analysis of dynamic processes of the cell surface proteome of THP-1 cells during
phorbol-12-myristate-13-acetate (PMA) induced differentiation from monocytic into
macrophage-like cells. Morphological changes during the differentiation time course were
monitored by light microscopy (Fig. 34). Monocytic suspension THP-1 cells showed cellular
adhesion to the tissue culture plate already after four hours and cells were completely adherent
after eight hours. Cellular morphology showed transition from small, globular monocytic
suspension cells to large, flat and tightly adherent macrophage-like cells.
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Fig. 34 Morphological changes during PMA-stimulated monocyte to macrophage differentiation.
Morphological changes of suspension monocytic THP-1 cells to adherent macrophage-like cells during
differentiation in presence of 100 nM PMA monitored by light microscopy (Zeis LSM 780, 65x oil).

For monitoring cell surface proteome changes during this differentiation process, two
experimental designs were combined to achieve high precision for short as well as late time
points: In the first experiment block (denoted as experimental group 1) the differentiation
process was split into two separate experiments, one covering the short incubation times (0, 4
and 8 h, each in biological triplicates, TMT9) and the second experiment covering the long
incubation times (0, 24, 48 and 72 h, each in biological duplicates, TMT8). Differentiation was
validated by immunoblot analysis for known markers of monocyte to macrophage differentiation
such as CD11b (Schwende et al., 1996; Sintiprungrat et al., 2010) and CD4 (Auwerx et al.,
1992) (Fig. 35A). After cell surface proteome enrichment and isobaric mass tagging, the
resulting pooled peptide mixtures of both experiment blocks were separated each into nine
fractions using reversed-phase chromatography at pH 12 as previously described (Kruse et al.,
2011). Fractions were analyzed by LC-MS/MS on a Q Exactive Hybrid-Quadrupole-Orbitrap
mass spectrometer using a 120 min gradient. For statistical data analysis, p-values were
calculated using a modified t-test (Smyth, 2004) and Benjamini-Hochberg corrected. A
combined fold-change and p-value cut-off was applied to determine significant outliers: logz
relative abundances = 2 or < -2 at least once between 24 h and 72 h of the time course and
p-values < 0.01. For further confirmation of results, the differentiation was repeated in two
additional experiments (denoted as experimental group 2 and experimental group 3) covering all
six time points in single TMT experiments.
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Fig. 35 Time-dependent monitoring of the cell surface proteome during monocyte to macrophage
differentiation. For each time point cells were differentiated in at least three biological replicates which
were analyzed by MS in three experimental groups after labeling with TMT reagents. A p-value < 0.01
and an abundance change = 4-fold in at least one of the three late time points (24, 48 or 72 h) was
defined as significance cutoff. (A) Immunoblot of regulated cell surface markers during differentiation of
monocytic THP-1 cells to macrophage-like cells by PMA. (B) Heat map of relative abundances for
significantly regulated plasma membrane proteins during differentiation.

Immunoblot analysis for CD11b composed of ITGAM and ITGB2 showed marked increase in
abundance after 24 h of PMA-induced differentiation while CD4 down-regulation was observed
already after four hours of differentiation. Significant regulation of both markers was also
detected by the cell surface proteomic approach (Fig. 36). Furthermore, among others MRC2
was identified as a new marker of monocyte to macrophage differentiation by the cell surface
proteomic approach. This protein showed significant down-regulation also validated by
immunoblot read out. Overall, significant changes between undifferentiated and differentiated
THP-1 cells were detected for 20 % of the cell surface proteome (230 out of 1106 quantified
plasma membrane and secreted proteins, Fig. 35B and Fig. 36).
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Fig. 36 Changes in the THP-1 cell surface proteome during differentiation with PMA. Examples for
significantly regulated proteins during PMA-induced differentiation of monocytic THP-1 cells to
macrophage-like cells in a time course of 72 h. Log: transformed abundance changes relative to 0 h are
shown for three independent experiments.

Changes in the cell surface proteome correlated with functional differences between monocytes
and macrophages: Macrophages invade into tissue, and in line with this function e.g. down-
regulation of PODXL2 (-8-fold) was observed which is necessary for leukocyte rolling over
vascular surfaces (Kerr et al., 2008) as well as up-regulation of cell adhesion proteins like CD9
(+24-fold), CD22 (+32-fold) and ITGAV (+12-fold) (Cook et al., 2002; Sgroi and Stamenkovic,
1994; Sims et al., 2000). After differentiation, the macrophage-like THP-1 cells are non-dividing.
Consequently, proteins involved in the control of cell growth and cell differentiation like PTPRF,
SEMA4A and EPHA7 are significantly down-regulated. Altered display of cell surface
transporters included down-regulated sugar (SLC2A5, SLC2A9) and amino acid transporters
(SLC38A5, SLC43A1, SLC7A2) probably reflecting the lower nutrient demand of differentiated
and resting cells. The multidrug-resistance transporter ABCB1 was also strongly up-regulated
(+37-fold up) enabling ATP-hydrolysis driven efflux of small molecules. Furthermore, functional
dependencies between proteins could also be observed: for example, the urokinase
plasminogen activator surface receptor PLAUR was found 28-fold up-regulated whereas its
negative regulator, the c-type mannose receptor MRC2 which controls the extracellular level of
PLAUR (Messaritou et al., 2009) was 5-fold reduced during differentiation.

Based on all regulated cell surface proteins, the entire differentiation process could be clustered
into three time-dependent major phases: rapid presentation/ secretion, concurrent
internalization and delayed presentation of new cell surface proteins (Fig. 37).
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Fig. 37 PMA-induced differentiation of THP-1 cells grouped into three time-dependent major
phases. Abundance changes of significantly regulated plasma membrane proteins during THP-1
differentiation grouped into three phases. Color shadings indicate data density. The numbers of proteins
in each cluster are indicated.

In the first phase, immediately after stimulation with PMA, cells start to secrete ECM proteins
including collagens COL1A1 and COL1A2, von Willebrand factor and Fibrillin-1 thus priming the
cells for settling and cell adhesion (Fig. 36). A rapid and substantial increase was also observed
for the transmembrane proteins CD83, PLVAP and tumor necrosis factor receptor superfamily
member 21, which is involved in B-cell activation and vascular permeability (Fig. 36). The
second phase comprises internalization of a large set of proteins including nutrient transporters
and proteins involved in regulation of cell differentiation like PTPRF, IL6R and KIT reflecting the
transition from dividing to non-dividing cells (Fig. 36). Finally, the de novo synthesis of cell
surface proteins leads to the presentation of a new subset of the plasma membrane proteome
beginning 24 h after the onset of differentiation (Fig. 35B and Fig. 37). These proteins like
ITGAM and MSR1 fulfill macrophage-specific functions such as cell adhesion and phagocytosis.
GO-term and INTERPRO domain enrichment analyses were in line with the differentiation
induced cellular transition (Fig. 38).
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Fig. 38 GO-term and INTERPRO-domain enrichment analysis based on regulated proteins during
differentiation. (A) GO-term enrichment analysis of up- and down-regulated proteins after 72 h. Bars
indicate logarithmic Benjamini-Hochberg corrected p-values of top5 results. (B) INTERPRO domain
enrichment analysis of up- and down-regulated proteins after 72 h. Bars indicate logarithmic Benjamini-
Hochberg corrected p-values of top5 results.

For up-regulated proteins, cell surface receptor linked signal transduction, biological adhesion
and response to external stimulus were identified as most significant processes while down-
regulated proteins are involved in amine transport or amino acid transport (Fig. 38A). Protein
domain enrichment analysis suggested up-regulation of mainly integrin-domain containing
proteins while proteins with immunoglobulin-like or fibronectin domains were down-regulated
(Fig. 38B).

To analyze PMA-induced differentiation in more detail, the regulation of cell surface proteins
was also monitored on phosphopeptide level. For this purpose, an additional TMT-based cell
surface proteomics strategy was devised which combines cell surface proteome enrichment
with immobilized metal ion affinity chromatography (IMAC)-based phosphopeptide enrichment.
THP-1 cells were differentiated with PMA for 0, 15, 30 and 60 min followed by cell surface
proteome enrichment and isobaric mass tagging. After pooling, a small fraction of the sample
was used to monitor cell surface proteome abundance changes within the selected
differentiation time window. The remaining sample was subjected to phosphopeptide
enrichment and the resulting peptide mixture was analyzed by LC-MS/MS on a Q Exactive
Hybrid-Quadrupole-Orbitrap mass spectrometer using a 270 min gradient. Data was filtered for
cell surface proteins with qusm = 2 and peptide identifications with Mascot score = 15.
Phosphopeptides with an abundance change = 2-fold in at least one time point with a
p-value < 0.05 were regarded as significantly regulated (Fig. 39).
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Fig. 39 Monitoring cell surface proteome phosphorylation changes by cell surface
phosphoproteomics. THP-1 cells were differentiated by PMA for 0, 15, 30 and 60 min in two biological
replicates. Cell surface proteins were enriched and resulting peptide mixtures were pooled after TMT
labeling. Of this sample, 90 % were further subjected to phosphopeptide enrichment by IMAC followed by
MS analysis while the remaining 10 % were directly analyzed. Samples were analyzed by LC-MS/MS on
a Q Exactive Hybrid-Quadrupole-Orbitrap mass spectrometer using a 270 min gradient. Three data filters
were used: total (protein qusm = 2, peptide Mascot score > 15 and cell surface localization), phospho (the
total filter and in addition filtering for the peptide modification phosphorylation) and regulated (the
phospho filter and in addition abundance change > 2-fold in at least one time point with a p-value < 0.05).
(A) MS1intensity based fractional abundance of identified proteins grouped by their annotated subcellular
localization (UniProt). Proteins without annotated localization are colored in grey. (B) Number of all
quantified cell surface proteins (total), cell surface proteins identified with phospho peptides (phospho)
and cell surface proteins with significantly regulated phosphorylations (regulated). (C) As in (B) but
showing numbers of peptides.

Cell surface proteins had high fractional abundances indicating efficient enrichment (Fig. 39A).
In total, 275 good quantified cell surface proteins with 2390 good quantified peptides were
identified of which 183 proteins and 1136 peptides were identified with phosphorylations
representing a phosphopeptide enrichment efficiency of about 50 % (Fig. 39B and C). Of these
peptides, 498 were detected to be significantly regulated within 60 min of PMA-induced
differentiation. A selection of proteins with significantly regulated phosphorylation sites but with
unaffected total protein abundance is shown in Fig. 40. All proteins with significantly regulated
phosphopeptides are shown in supplemental Fig. 5.
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Fig. 40 Regulated phosphorylation sites of selected cell surface proteins. Effects of PMA-induced
differentiation on the cell surface phosphoproteome of THP-1 cells were monitored by combining
enrichment of cell surface proteins with IMAC. Samples were analyzed by LC-MS/MS on a Q Exactive
Hybrid-Quadrupole-Orbitrap mass spectrometer using a 270 min gradient and data was filtered for cell
surface proteins with protein qusm > 2, peptide Mascot score > 15, phosphorylation as peptide
modification and peptide abundance change > 2-fold in at least one time point with a p-value < 0.05.
Amino acid index of selected phosphorylation sites are indicated with numbers. (A) Time courses of
selected cell surface proteins. The overall protein abundances are indicated as green lines.
Phosphopeptide abundances are indicated as blue lines. Data points indicate means of two replicates.
Error bars indicate standard deviations. (B) As in (A) but showing selected time courses of regulated SLC
transporters.

Cell surface phosphoproteomics enabled monitoring of early regulations of cell surface proteins
during PMA-induced differentiation. For example, phosphorylation at 324S and 325S of CXCR4,
known to be involved in the regulation of the activity, internalization and degradation of this
protein (Bhandari et al., 2009), was found to be significantly down-regulated. Interestingly, this
protein was detected to be significantly internalized already at the four hours’ time point of the
previous 72 h cell surface proteome mapping time course (Fig. 36). Other examples of
regulated proteins are SCARB1, CD93 and MMP14 which are involved in macrophage functions
like phagocytosis. Furthermore, the cell adhesion proteins ITGB2 and CD44 both showed
significant regulation of phosphorylation sites known to be involved in cellular motility (ITGB2:
758T (Takala et al., 2008) and CD44: 697S, 706S (Tzircotis et al., 2006; Desai et al., 2009)).
Overall, GO-term enrichment analysis for significantly regulated proteins revealed biological
adhesion, cell migration and cell motility as the most significantly enriched biological processes
(Fig. 41). These results were in line with the previous observation that one of the first steps of
PMA-induced differentiation is priming the cells for settling and cell adhesion. Besides
phosphorylation changes of cell surface receptors also significant regulation of cell surface
transporters was observed. For example the glucose transporter SLC2A1 showed down-
regulation of several phosphorylation sites comprising 226S known to induce transporter activity
(Lee et al., 2015). Other examples are the amino acid transporters SLC43A1, SLC1A5 and
SLC38A1, the phosphate transporter SLC20A2 as well as the intracellular pH regulating
transporters SLC16A1, SLC26A6, SLC4A2, SLC4A7 and SLC9A1. These results suggested an
increased nutrient demand and cellular metabolism early during the differentiation process
probably correlating with the de novo synthesis of macrophage cell surface markers. As several
of these transporters were found to be down-regulated in the course of the 72 h differentiation,
this enhanced metabolism might be only necessary during the early events of the process.
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Fig. 41 GO-term enrichment analysis for biological processes of regulated cell surface proteins.
GO-term enrichment analysis for biological processes based on proteins with significantly regulated
phosphorylation sites. Bars indicate logarithmic p-values of top10 results.

4.5. Influence of kinase inhibitors on the cell surface proteome of
differentiating monocytes

Phorbol esters have been shown to mimic endogenous signaling cascades and activate protein
kinase C (PKC) (Farrar and Anderson, 1985; Tahara et al., 2009). Monitoring cell surface
proteome changes during PMA-induced monocyte to macrophage differentiation resulted in
significant regulation of 14 out of 68 quantified plasma membrane associated kinases including
KIT and ephrin receptors EPHA3, EPHA7 and EPHB1 (supplemental Fig. 6) suggesting rewiring
of signaling networks. Thus, perturbation of signaling processes specific to the monocyte to
macrophage differentiation was tested with small molecule kinase inhibitors. Treatment of
THP-1 cells with the BCR-ADI inhibitor imatinib (Capdeville et al., 2002), the broad-specificity
inhibitor sunitinib (Sun et al., 2003) and the Abl and Src family kinase inhibitor dasatinib
(Kantarjian et al., 2006) did not affect the morphology, viability and proliferation of
undifferentiated THP-1 cells within 48 h (Fig. 42). However, dasatinib but none of the other two
inhibitors induced severe morphological changes when present for 48 h during PMA-induced
differentiation leading to cells being more dendritic, less flat and less adherent. In contrast,
when dasatinib was applied to already differentiated cells, it had no influence on the
morphology.
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Fig. 42 Morphological changes during PMA-stimulated differentiation in presence of tyrosine
kinase inhibitors. Monocytic THP-1 cells were differentiated with 100 nM PMA for 48 h in presence or
absence of the tyrosine kinase inhibitors sunitinib, imatinib or dasatinib at 1 pM concentration. As
controls, THP-1 cells were incubated without PMA for 48 h with the respective tyrosine kinase inhibitor.
The influence of dasatinib on already differentiated cells was tested by differentiating cells for 48 h with
PMA followed by additional 48 h in presence of PMA and dasatinib. Morphological changes were
monitored by light microscopy (Zeis LSM 780, 65x oil).

Based on these results, the effects of dasatinib and sunitinib on the surface proteomes of
monocytic or macrophage-like THP-1 cells as well as during PMA-induced differentiation were
compared using a TMT-based quantitative mass spectrometry strategy and immunoblotting.
Sunitinib did not induce any significant changes when applied during cell differentiation (Fig. 43,
Fig. 44A and supplemental Fig. 7). In contrast, when dasatinib was present during
differentiation, up-regulation of CD11b was blocked while MRC2 down-regulation was not

affected (Fig. 43).
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Fig. 43 Effects of kinase inhibitors on regulation of cell surface markers during PMA-induced
differentiation. Immunoblots for cell surface markers regulated during differentiation of THP-1 cells by
100 nM PMA in presence or absence of 1 uM dasatinib or 1 uM sunitinib. Untreated cells and cells
incubated for 48 h in presence or absence of the kinase inhibitors without PMA-stimulation were used as

controls.

In total, abundances of 56 cell surface proteins were significantly altered after differentiation in
the presence of dasatinib compared to control differentiation experiments (Fig. 44).
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Fig. 44 Effects of kinase inhibitors on cell surface proteomes during PMA-induced differentiation.
THP-1 cells were differentiated in presence or absence of 1 yuM dasatinib or 1 yuM sunitinib in two
biological replicates. Resulting peptide mixtures after cell surface proteome enrichment were isobaric
mass tagged, pooled and analyzed by LC-MS/MS on a Q Exactive Hybrid-Quadrupole-Orbitrap mass
spectrometer using a 270 min gradient. Untreated cells and cells incubated for 48 h in presence or
absence of the kinase inhibitors without PMA-stimulation were used as controls. Data was filtered for cell
surface proteins quantified with at least three qusm and at least two qupm. Significance was defined as a
combined fold-change and p-value cut-off between cells differentiated in presence and cells differentiated
in absence of the kinase inhibitors with logz relative abundances = 1 or < -1 in both replicates and t-test
p-values < 0.05. (A) Heat map representation of quantified plasma membrane associated proteins during
differentiation in presence of dasatinib or sunitinib. Colors represent log: relative abundance to untreated
controls. (B) Proteins with significantly altered abundance in THP-1 cells differentiated in presence versus
cells differentiated in absence of dasatinib.

Pronounced up-regulation was observed for 35 proteins including CLEC5a (47-fold up), a
positive regulator of osteoclastogenesis (Inui et al., 2009) as well as TREM1, PILRA and CD14
which together with CLEC5a are markers for mature myeloid cells (Fournier et al., 2000;
Gingras et al.,, 2002; Ritter et al., 2006). Substantial down-regulation of 21 proteins was
observed including macrophage markers like CD209, CD22, HAVCR2 and TLR4 suggesting
compromised macrophage-specific functions. Up-regulation of cell adhesion proteins like
ESAM, ITGA3, ITGAE and ITGAM during differentiation from monocytes to macrophages was
reduced or completely blocked in presence of dasatinib in line with a less adherent cellular
morphology. In addition, reduced expression was observed for SCARB1, MSR1, CD36 and LPL
which are involved in phagocytosis as well as fatty acid, cholesterol and lipid endocytosis. In
agreement with these findings, the phagocytotic activity of THP1 cells differentiated in the
presence of dasatinib was reduced by > 40 % but was not significantly changed for cells
differentiated in presence of sunitinib (Fig. 45). Addition of the phagocytosis inhibitor
cytochalasin D (2 uM) resulted in partial but significant reduction of the phagocytotic activity in
all samples.
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Fig. 45 Comparison of phagocytotic activities after differentiation in presence or absence of
dasatinib or sunitinib. Phagocytosis assay based on the determination of the amount of engulfed
nonopsonized zymosan particles in presence or absence of 2 uM of the phagocytosis inhibitor
cytochalasin D. Bars represent mean of 4 replicates. Error bars represent standard deviations. Stars
indicate statistical significance (* < 0.1; ** < 0.05; *** < 0.01).

CLEC5A was found to be most significantly changed in abundance after PMA-induced
differentiation in presence of dasatinib. Since this protein has a role in osteoclastogenesis, the
cell surface proteome of these cells was compared to osteoclast-like THP-1 cells obtained by
differentiation using vitamin D3 (Park et al., 2012) as well as to monocytic and macrophage-like
THP-1 cells. Principal component analysis of plasma membrane protein abundances showed
cells differentiated with PMA in the presence of dasatinib to be related to both, osteoclast-like
and macrophage-like THP-1 cells (Fig. 28A).

For identification of targets involved in the dysregulation of THP-1 cell differentiation, a
differential analysis of the selectivity profiles for the tested kinase inhibitors imatinib, sunitinib
and dasatinib was conducted using kinobeads (Bantscheff et al., 2007, Fig. 46). Results showed
a limited selectivity of the marketed BCR-ABL inhibitor dasatinib suggesting that neither ABL
kinase inhibition nor any of the other kinases affected by imatinib or sunitinib are responsible for
the observed dysregulation of the differentiation program. However, among others ephrin
receptor tyrosine kinases are potently inhibited by dasatinib but not by imatinib or sunitinib
probably hinting at an involvement of these receptors in the dysregulation.
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Fig. 46 Selectivity profiles of kinase inhibitors assessed by kinobeads competition assay. Lysate
mixes were pre-incubated with defined concentrations of the compounds followed by incubation with
kinobeads. After washing, bound proteins were eluted with SDS sample buffer, fractionated by SDS gel
electrophoresis, in-gel digested, TMT labeled and analyzed by mass spectrometry. Compound plICso
values were calculated based on dose-dependent binding inhibition curves. Heat map represents
targeted kinases by the kinase inhibitors imatinib, sunitinib and dasatinib with pICso = 6.

4.6. Establishing a cell surface selective thermal proteome profiling
approach

The recently published thermal proteome profiling enables monitoring of protein-ligand
interactions in live cells (Savitski et al., 2014). It is based on ligand-binding induced changes in
protein thermal stability and requires accurate proteome quantification by multiplexed isobaric
mass tags. In the initial approach, cell lysis was performed by freeze-thawing without addition of
detergents to avoid solubilization of protein aggregates. However, this resulted in inefficient
solubilization of membrane proteins. A revised method incorporated the mild detergent IGEPAL
CA-630 for an improved solubilization of membrane proteins while keeping protein aggregates
unaffected (Reinhard et al., 2015). But, also this method is hampered by the generally low
abundance of many membrane and cell surface proteins. Here, the previously established
selective enrichment of plasma membrane proteins was combined with thermal proteome
profiling. For establishing this cell surface selective thermal proteome profiling, several
parameters had to be defined and optimized. For this approach it is important to quantitatively
remove protein aggregates that formed upon incubation at any given temperature. Thus for first
simplified evaluations, the remaining soluble fraction of the representative cell surface
transmembrane receptor ITGAV after heat treatment (HT) at high temperatures (typically
inducing complete protein denaturing, e.g. 70 °C, Savitski et al., 2014) was monitored by
immunoblotting. As the HT incubation is a core step in thermal proteome profiling, the influence
of the HT incubation time was evaluated by comparing a prolonged and a pulsed HT with the
previously described 3 min incubation. The results did not show an observable difference on
thermal protein aggregation of ITGAV (supplemental Fig. 8), thus the HT incubation time was
kept at 3 min. Another important factor on protein aggregation is the post-HT incubation time.
This parameter was previously defined to be 3 min at RT and was now compared with a
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post-HT incubation time of 5 min at RT (Fig. 47). The shorter incubation resulted in a less
efficient protein aggregation. About 30 % of the initial ITGAV abundance was still present in the
70 °C sample. In turn, the residual abundance of ITGAV after high temperature treatment could
be reduced to less than 10 % in case of a prolonged post-HT incubation of 5 min. Additionally, it
was important to evaluate the influence of cell surface proteome biotinylation on protein
aggregation. For that purpose, heat treated cells were biotinylated by 10 min oxidation and
10 min aniline-catalyzed alkoxyamine-based biotinylation at RT (Fig. 47). This process resulted
in a total post-HT incubation time of 30 min and showed an even lower residual ITGAV
abundance compared to 5 min of post-HT incubation. Thus, thermal proteome aggregation was
unaffected by the biotinylation procedure and in summary, post-HT incubation times longer than
3 min were identified to be beneficial for efficient removal of protein aggregates. Based on these
observations, in all following experiments the cell surface proteome biotinylation was performed,
after 3 min of post-HT incubation at RT, by periodate oxidation for 10 min at RT and 10 min
aniline-catalyzed alkoxyamine-based biotinylation at 4 °C.
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Fig. 47 Influence of post-HT incubation time and cell surface biotinylation on protein aggregation.
K562 cells (3x10¢ per condition) were incubated for 3 min at 40 or 70 °C followed by a post-HT
incubation time of 3 or 5 min at RT. To evaluate the influence of cell surface protein biotinylation on
protein aggregation, cells were biotinylated at RT after 3 min of post-HT incubation resulting in a total
post-HT incubation time of 30 min at RT. Subsequently, cells were lysed and 30 ug lysate were
subjected to immunoblotting for ITGAV. Band signal intensities relative to the 40 °C sample with 3 min
post-HT incubation are shown. Staining of tubulin was used as loading control for 40 °C samples.

In a next step, the influence of detergents on membrane protein solubilization and thermal
proteome profiling was evaluated. The previous protocol used the mild detergent IGEPAL
CA-630, capable of solubilizing membrane proteins without affecting protein aggregates. For
further evaluation, the performance of the cell surface thermal proteome profiling with the mild
detergents CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate), DDM (n-
dodecyl-B-D-maltopyranoside) and digitonin were compared to IGEPAL CA-630. Cells heat
treated with a gradient of 10 temperatures were surface biotinylated, lysed with the respective
detergent in two replicates and samples were analyzed by LC-MS/MS on a Q Exactive Hybrid-
Quadrupole-Orbitrap mass spectrometer using a 270 min gradient after TMT-labeling and
sample pooling (Fig. 48). The performance of the assay with the respective detergent was
compared on the one hand based on the numbers of identified cell surface proteins and on the
other hand based on the number of proteins with good-quality melting curves. Calculation of
melting curves was performed as described (Franken et al., 2015) by fitting relative protein
abundances at the respective temperatures of the selected temperature gradient to sigmoidal
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curves. These curve fits then enabled determination of protein melting points representing the
temperature at which 50 % of the protein was aggregated and precipitated. Important
performance criteria for this melting-curve based data analysis are the coefficient of
determination R? and the reproducibility of calculated melting points AT v between replicates.
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Fig. 48 Influence of detergents on cell surface protein identification and thermal proteome
profiling. The influence of the detergents IGEPAL CA-630, CHAPS, DDM and digitonin on cell surface
thermal proteome profiling was evaluated. K562 cells (3x108 cells per temperature) were heated to
different temperatures followed by cell surface biotinylation. Subsequently, cells were lysed in PBS
containing 1 % IGEPAL CA-630, CHAPS, DDM or digitonin. Protein aggregates were removed by
filtration and a volume of lysate, corresponding to 100 pg protein in the reference temperature sample,
were subjected to streptavidin-based enrichment for 60 min. Enriched proteins were eluted by tryptic on-
bead digestion for 16 h. Resulting peptide mixtures were TMT-labeled, cleaned by C18-SCX STAGE tips
and 25 % of the final mixtures were analyzed by LC-MS/MS on a Q Exactive Hybrid-Quadrupole-Orbitrap
mass spectrometer using a 270 min gradient. Identified proteins were filtered for PSM = 2. For melting
curve calculations data was normalized and filtered for cell surface proteins with qusm = 3, qupm > 2,
R2 > 0.6 and AT m < 3°C in both of the respective replicates. (A) Number of identified cell surface proteins
colored by their annotated molecular function (UniProt). (B) As in (A) but showing numbers of identified
cell surface transmembrane proteins. (C) MS1-intensity based fractional abundance of identified proteins
grouped by annotated subcellular localization. (D) Number of cell surface proteins fulfilling all defined
filter criteria for proper quantification and melting behavior.
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The use of DDM resulted in the highest number of identified cell surface proteins with an
increase of about 20 % compared to IGEPAL CA-630. This detergent also enabled identification
of a higher number of cell surface transmembrane proteins, a slightly higher enrichment
efficiency for proteins of this subcellular localization and the highest number of cell surface
proteins with defined good-quality melting curves (qusm 2 3, qupm 2 2, R? of curve fit 2 0.6 and
melting point differences < 3 °C between respective replicates). Based on these results, DDM
was defined as detergent for all following experiments.

Up to that point, the optimized protocol for cell surface thermal proteome profiling involved
protein biotinylation after the heat treatment. However, hyperthermia can lead to changes in cell
membrane dynamics (Bischof et al., 1995). Thus, biotinylation after HT can result in artificial
protein melting behaviors. To circumvent this problem, biotinylation was tested to be performed
prior to the HT. However, this resulted in an overall reduced number of quantified cell surface
proteins as well as a reduced number of cell surface proteins with good-quality melting curves
(supplemental Fig. 9). In another approach, aldehydes were introduced by periodate oxidation
prior to HT followed by biotinylation after the HT thus circumventing artifacts resulting from
HT-induced changes in cell surface proteome presentation. However, as elevated temperatures
might quench introduced aldehydes, the influence of hyperthermia on the stability of induced
aldehydes was investigated. For that purpose, cells were periodate-treated, incubated at 4, 40,
and 70 °C and subsequently biotinylated. To be able to neglect thermally induced protein
aggregation between experiments, cells were lysed in 4 % SDS for efficient solubilization of also
aggregated membrane proteins. Finally, samples were compared by immunoblot-derived signal
intensities of biotinylated proteins as well as by TMT-based quantitative proteomics comparing
relative abundances of cell surface proteins (supplemental Fig. 10). The results showed a
slightly reduced overall protein biotinylation signal intensity and a generally reduced protein
abundance for cell surface proteins after HT at 70 °C compared to 4 and 40 °C. An additional
thermal proteome profiling experiment with this approach also showed a lower number of
identified cell surface proteins and a lower number of cell surface proteins with good-quality
melting curves compared to the previous approach (supplemental Fig. 11). According to these
results, the previously tested biotinylation after HT was used for all following experiments.

Based on the optimizations for the cell surface proteome mapping approach, streptavidin-based
enrichment of biotinylated proteins with subsequent quantitative elution by on-bead digestion
was also used for the cell surface thermal proteome profiling approach. However, as the
on-bead digestion can result in a marked contamination of the resulting peptide mixture with
streptavidin peptides, a streptavidin-coated bead titration experiment was conducted to
determine the minimal necessary bead volume for efficient capturing of biotinylated proteins
(supplemental Fig. 12). Furthermore, the influence of a prolonged incubation time (120 min
instead of 60 min) on capturing efficiency was assessed. Results were evaluated by comparing
residual signal intensities of blotted biotinylated proteins after streptavidin-coated bead
incubation. An optimal ratio for the bead volume to captured proteins was observed between 3
and 5 pL of the affinity resin per sample and 2 h of incubation. According to these results, 4 L
of streptavidin-coated beads were used for following experiments. Besides the bead amount,
the on-bead digestion incubation time as well has an influence on the contamination of the
sample with streptavidin peptides. Thus in a next step, the on-bead digestion incubation time
was evaluated. For that purpose, TIC signal intensities of streptavidin peptides and numbers of
PSMs for streptavidin identification were compared after 1 h, 4 h and 16 h (overnight, o.n.)
digestion (Fig. 49). In addition, numbers of identified cell surface proteins as well as enrichment
efficiencies for proteins of this subcellular localization were examined.
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Fig. 49 Comparison of on-bead digestion incubation times. K562 cells were cell surface biotinylated
and lysed. Subsequently, in three replicates 150 ug lysate were incubated for 2 h with streptavidin-coated
beads. Enriched proteins were eluted by tryptic on-bead digestion either for 1 h, 4 h or 16 h (overnight,
0.n.). Resulting peptide mixtures were TMT-labeled, cleaned by C18-SCX STAGE tips and separately
analyzed by LC-MS/MS on a Q Exactive Hybrid-Quadrupole-Orbitrap mass spectrometer using a 120 min
gradient. Identified proteins were filtered for PSM > 2. (A) Total ion chromatograms of the samples. The 2
most intense out of 5 identified streptavidin peptide ions are labeled. (B) Comparison of the AUCs of
streptavidin peptides between samples relative to o.n. digestion. (C) Number of PSM with Mascot
score > 20 for streptavidin. (D) Number of identified cell surface proteins (All) and cell surface
transmembrane proteins (TM) colored by their annotated molecular function (UniProt). (E) MS1-intensity
based fractional abundance of identified proteins grouped by annotated subcellular localization.

Relative comparison of the area under the curve (AUC) of the two most intense streptavidin
peptides with m/z 731.7 (+3 charged, NAHSATTWSGQYVGGAEAR) and m/z 469.7 (+2
charged, YVLTGR) showed a markedly higher contamination of samples with these peptides
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after o.n. on-bead digestion compared to 1 h or 4 h on-bead digestion. Furthermore, the total
number of identified peptide spectra matched (PSM) for streptavidin correlated with the
incubation time. Since a comparable number of identified cell surface proteins with a
comparable cell surface enrichment efficiency but a markedly lower contamination with
streptavidin peptides was observed after 4 h on-bead digestion compared to o.n. digestion, the
on-bead digestion incubation time was set to 4 h for all following experiments. Nevertheless, the
most intense streptavidin peptides were highly abundant and are eluting around the center of
the liquid chromatography gradient. Besides streptavidin, neutravidin is an alternative affinity
resin for selective biotin enrichment. Thus, beads coated with this deglycosylated form of avidin
were compared to the streptavidin resin in an additional experiment (Fig. 50). The results
showed a comparable efficiency in capturing cell surface biotinylated proteins with
neutravidin-coated beads. However, the two most intense avidin peptides were eluting at the
end of the LC gradient and identification of avidin was based on less total PSMs compared to
streptavidin (-20 to -30 % after 4 h or o.n. on-bead digestion, respectively). Thus,
neutravidin-coated beads were defined to be used for cell surface thermal proteome profiling.

Finally, after incorporating all modifications and optimizations, the cell surface thermal proteome
profiling approach was evaluated for monitoring target engagement to cell surface proteins. The
effect of the three compounds cyclo-RGDfK, ouabain and elacridar targeting integrin adhesion
proteins, Na*-K*-ATPases and the multidrug-resistance transporter ABCB1 were investigated,
respectively (Fig. 51). Treatments were conducted in two replicates with 10 uM cyclo-RGDfK,
1 uM ouabain or 1 pM elacridar and cell surface protein melting curves were compared to
vehicle treated cells. Significances were calculated by student’s t-test. Significance cut offs
were defined as described in methods section incorporating a maximal accepted significance
level of 0.05 and a minimal accepted melting point shift defined by the standard deviation
between replicates.
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Fig. 50 Comparison of streptavidin- and neutravidin-coated beads. K562 cells were cell surface
biotinylated and lysed. Subsequently, 150 ug lysate were incubated for 2 h with streptavidin- or
neutravidin-coated beads each in two replicates. Enriched proteins were eluted by on-bead digestion for
4 h or 16 h (overnight, o.n.). Resulting peptide mixtures were TMT-labeled, cleaned by C18-SCX STAGE
tips and separately analyzed by LC-MS/MS on a Q Exactive Hybrid-Quadrupole-Orbitrap mass
spectrometer using a 120 min gradient. Identified proteins were filtered for PSM > 2. (A) Total ion
chromatograms of the samples. The two most intense streptavidin and neutravidin peptide ions are
labeled. (B) Number of PSMs with Mascot score > 20 for streptavidin and neutravidin, respectively. (C)
Number of identified cell surface proteins colored by their annotated molecular function (UniProt). (D)
MS1-intensity based fractional abundance of identified proteins grouped by annotated subcellular
localization.
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Fig. 51 Evaluation of the modified thermal proteome profiling for identification of target
engagement. K562 cells (50x10° cells per experiment) were treated in two replicates with 10 uM
cyclo-RGDfK, 1 yM ouabain or 1 pM elacridar. Vehicle treated cells were used as controls. Cells were
heated to a temperature range between 43 and 73 °C, surface biotinylated and lysed. Protein aggregates
were removed and 150 pg lysate per condition were subjected to enrichment with neutravidin-coated
beads. Enriched proteins were eluted by on-bead digestion. Resulting peptide mixtures were
TMT-labeled, cleaned by C18-SCX STAGE tips and analyzed by LC-MS/MS on a Q Exactive Hybrid-
Quadrupole-Orbitrap mass spectrometer using a 120 min gradient. Data was filtered for proteins with
qusm = 2,qupm =2 and RZ2>0.6in both of the respective treatment and control samples as well as with
cell surface annotated localization. The significance cut-off was defined based on the median standard
deviation of melting points between replicates. Data points are sized by the average qusm in respective
experiment. (A) Significantly shifted proteins after cyclo-RGDfK treatment. Median standard deviation of
melting points: 0.47 °C. (B) Significantly shifted proteins after ouabain treatment. Median standard
deviation of melting points: 0.46 °C. (C) Significantly shifted proteins after elacridar treatment. Median
standard deviation of melting points: 0.44 °C.

Treatment with the integrin inhibitor cyclo-RGDfK resulted in a significant thermal destabilization
of ITGB5 forming an RGD-motif binding integrin with ITGAV. This alpha subunit also showed a
pronounced but not significant thermal destabilization while the other expected beta subunit
ITGB3 was not influenced. Ouabain treatment resulted in significant thermal stabilization of the
alpha subunit ATP1A1 and of the beta subunit ATP1B3 but not of ATP1B1, all forming a
functional Na*/K*-transporting ATPase. Elacridar resulted in a slight but non-significant thermal
destabilization of ABCB1. The observed melting curves of expected protein targets are shown in
supplemental Fig. 13.

Besides expected targets, in all three experiments significant thermal shifts of other proteins
were observed as well. These are probably false positive results due to inappropriate data
normalization which was based on only few proteins (supplemental Fig. 14). Furthermore, fitting
of observed relative protein abundances to sigmoidal melting curves might not be accurate for
plasma membrane proteins. To address these points, a different experimental set-up was
explored that compared protein abundances between treatments and controls (Fig. 52). Instead
of analyzing both cell populations at ten temperatures in separate TMT10 experiments, the new
approach enables temperature-wise precise protein abundance comparisons between controls
and treatments by combining both samples in single TMT10 experiments. In that way, data
normalization and data analysis is independent from fitting data points into sigmoidal melting
curves and just relies on accurate relative quantification of proteins. In addition, besides
monitoring thermal stability changes, this approach also allows simultaneous evaluation of
treatment-induced cell surface accessibility changes. Furthermore, usage of a reference
temperature between separate TMT10 experiments enables combination of an unlimited
number of experiments for data analysis depending on the required temperature resolution.
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Fig. 52 Schematic illustration of the abundance ratio-based thermal proteome profiling approach.
Cells are treated with a compound or vehicle followed by HT and surface biotinylation. Subsequently,
cells are lysed, protein aggregates removed and biotinylated proteins enriched. After tryptic on-bead
digestion, peptide mixtures are TMT-labeled, controls and treatments pooled and analyzed by mass
spectrometry. For each temperature, protein abundances in controls are normalized between replicates
followed by normalization of protein abundances in treatments towards their controls. Data analysis is
performed by determining the temperature range with most significant differences (p-value < 0.05) in
protein abundances for each individual protein between treatments and controls. The observed
abundance ratios at temperatures within this temperature range are summed and p-values are combined.
Finally, significant proteins exceeding minimal accepted ratio and minimal accepted significance are
determined and plotted. Treatment-induced effects on cell surface abundance and thermal stability are

distinguished.

Following density distribution-based data normalization for each individual temperature, data
analysis is performed by determining, for each individual protein, the temperature range with
most significant differences (p-value < 0.05) in protein abundances between treatments and
controls. The observed abundance ratios at temperatures within this temperature range are
summed and p-values are combined by Brown’s method (Brown, 1975). Plotting cumulated
p-values over log. transformed abundance ratios allows detection of proteins significantly
affected by the treatment. Similar to the melting curve-based approach, a significance cut off
was defined by incorporating a maximal accepted significance level (0.01 instead of 0.05) and a
minimal accepted cumulative abundance ratio (instead of a minimal melting point shift) based
on the standard deviation between replicates. For significantly affected proteins,

76



Results

treatment-induced changes in cell surface abundance are detected by comparing relative
abundances at the reference temperature (37 °C). Furthermore, thermal stability changes are
detected by fitting melting curves and comparing melting points. For a first evaluation, this
abundance ratio-based analysis approach with a resolution of 9 temperatures in two TMT10
experiments per replicate was compared to melting curve-based data analysis. Monitoring
target engagement to Na*/K*-ATPases upon cellular treatment with ouabain in three biological
replicates was selected as a case study (Fig. 53). Data of the melting curve-based analysis was
normalized based on 58 proteins (supplemental Fig. 15) while temperature-wise normalization
for ratio-based analysis was based on average on 339 cell surface proteins (lowest
temperature: 427 proteins, highest temperature: 233 proteins).
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Fig. 53 Comparison of melting curve- and ratio-based cell surface thermal proteome profiling.
K562 cells were treated with 1 yM ouabain in six replicates with three replicates for melting curve-based
analysis and three replicates for ratio-based analysis. Vehicle treated cells were used as controls. After
heat-treatment, surface biotinylation, lysis, enrichment and on-bead digestion, resulting peptide mixtures
were TMT-labeled. For melting curve-based analysis, treatments and controls were analyzed in separate
TMT10 experiments while for ratio-based analysis treatments and controls were pooled and analyzed
together. Samples were analyzed by LC-MS/MS on a Q Exactive Hybrid-Quadrupole-Orbitrap mass
spectrometer using a 270 min gradient. (A) Melting curve-based analysis of significantly thermally shifted
proteins upon ouabain treatment (n = 3). Significant proteins are labeled. Median standard deviation
between replicates: 0.49 °C. (B) Ratio-based analysis of significantly influenced proteins upon ouabain
treatment (n = 3). Significant proteins are labeled. Left half of squares indicate abundance changes while
right half of squares indicate thermal shifts. Median standard deviation between replicates: 0.13.

Melting curve-based analysis resulted in detection of a significant thermal stabilization of
ATP1A1. ATP1B3 showed only a barely significant thermal stabilization while ATP1B1 was not
significantly affected. In contrast to that, ratio-based analysis resulted in detection of highly
significant changes in thermal stability of all three expected ATPase subunits. Furthermore, an
increased surface abundance of the multidrug-resistance transporter ABCA8, described to be
involved in the efflux of digitalis-like (e.g. ouabain) compounds (Tsuruoka et al., 2002; Wakaumi
et al.,, 2005), was detected and a thermal stabilization of the Na*/K*/2Cl- co-transporter
SLC12A2, mediating ouabain-insensitive K+ efflux, was observed (Gagnon and Delpire, 2013).
In addition, a marked increase in surface abundance of the Src family kinase activator PTPRA
(Pallen, 2003) was detected, in line with described Src activation upon ouabain-induced
inhibition of Na*/K*-ATPases (Haas et al, 2002). Reduced abundance of the
calcium-homeostasis transporter ATP13A3 is consistent with described intracellular calcium
accumulation upon ouabain treatment (Roevens and de Chaffoy de Courcelles, 1990).
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Comparisons of melting curves of significantly affected proteins in both approaches are shown
in supplemental Fig. 16. In summary, ratio-based thermal proteome profiling enabled a more
robust detection of target engagement to cell surface proteins as well as distinction of
treatment-induced changes in thermal stability and surface abundance. Based on these results,
the ratio-based data analysis was defined to be used for cell surface thermal proteome profiling.

4.7. Mapping target engagement to the cell surface proteome

The cell surface thermal proteome profiling approach was evaluated with 17 small molecule
compounds, 9 native ligands and antibodies as well as 3 cellular stimuli all with known cell
surface protein target classes resulting in a total number of 34 individual experiments with at
least three biological replicates each. On average, about 380 plasma membrane annotated
proteins were identified with good quantification (qusm = 3 and qupm = 2) and a mean fractional
abundance for cell surface proteins of about 70 % (supplemental Fig. 17).

After first assessment of cell surface thermal proteome profiling for monitoring target
engagement to the target class of Na*/K*-ATPases, this approach was further evaluated for
monitoring small molecule binding to single pass transmembrane receptor tyrosine kinases. For
that purpose, cellular treatment with the tyrosine kinase inhibitor dasatinib was conducted in
three biological replicates on THP-1 cells (Fig. 54 and supplemental Fig. 18). Results showed
target engagement to expected receptor tyrosine kinases CSF1R, KIT, EPHA2 and EPHBS3.
While dasatinib treatment resulted in thermal stabilization of KIT and both ephrin receptors, it
induced thermal destabilization and increased surface presentation (+22%, -log(p) 3.4) in case
of CSF1R. Furthermore, an increased surface presentation (+16%, -log(p) 4.8) of the ATPase
flippase ATP11C and an undefined effect on VLDLR were observed. EPHB1, an additional
dasatinib target expressed on the surface of THP-1 cells, was not affected by treatment with
dasatinib although it is among the most potently hit ephrin receptors according to the kinobeads
competition assay (pICso 2.6 nM, Fig. 46). The effect of dasatinib on VLDLR was validated in an
additional experiment by treating cells with VLDL in presence or absence of dasatinib resulting
in a thermal stabilization of this receptor (supplemental Fig.19). This treatment also resulted in
an internalization of KIT and IL6R, effects only detected during co-treatment with human VLDL
but not with dasatinib alone.
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Fig. 54 Monitoring target engagement to receptor tyrosine kinases with dasatinib on THP-1 cells.
Cells were treated in three biological replicates with 1 uM dasatinib or vehicle as control followed by a
heat treatment with a temperature gradient between 37 °C to 66 °C. (A) Significantly affected proteins
upon dasatinib treatment are labeled. Left half of squares indicate significant abundance changes while
right half of squares indicate significant thermal shifts. Median standard deviation between replicates:
0.10. (B-E) Mean melting curves in controls and treatments of significantly affected proteins. Error bars
indicate standard deviations. Selected data points for cumulation are highlighted with dashed boxes.
Treatment-induced thermal shifts and abundance changes are indicated with statistical significances.

To determine cellular pECso values of dasatinib, isothermal dose response experiments were
conducted in three biological replicates. For this purpose, THP-1 cells were incubated with
increasing concentrations of dasatinib followed by HT at a selected temperature for which high
abundance ratios between treatments and controls for proteins of interest were detected. Here,
HT was performed at 51.5 °C for EPHB3 and 53.9 °C for KIT (Fig. 55). Data analysis was
performed as described (Savitski et al., 2014; Franken et al., 2015) by fitting normalized data to
sigmoidal dose-response curves enabling determination of half-maximal effective
concentrations. These experiments revealed pECso values in the nanomolar range for EPHB3
(16.6 £ 5.8 nM) and KIT (0.7 £ 0.5 nM) in line with previously determined potencies with the
kinobeads competition assay (EPHB3: 13 nM, KIT: 36 nM, Fig. 46).
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Fig. 55 Isothermal dose response of dasatinib on live cells. THP-1 cells were treated with increasing
concentrations of dasatinib followed by HT at 51.5 °C or 53.9 °C. Experiments were conducted in three
biological replicates. Dose response curves were fitted to normalized apparent stabilities and
half-maximal effective concentrations were determined (pECso).

To increase the observable cell surface target space of dasatinib, cellular treatment with this
inhibitor was repeated for the additional cell line model system K562 (Fig. 56).
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Fig. 56 Monitoring target engagement to receptor tyrosine kinases with dasatinib on K562 cells.
Cells were treated in three biological replicates with 1 yM dasatinib or vehicle as control followed by heat
treatment with a temperature gradient between 37 °C to 66 °C. (A) Significantly affected proteins upon
dasatinib treatment are labeled. Left half of squares indicate significant abundance changes while right
half of squares indicate significant thermal shifts. Median standard deviation between replicates: 0.09.
(B-D) Mean melting curves in controls and treatments of significantly affected proteins. Error bars
indicate standard deviations. Selected data points for cumulation are highlighted with dashed boxes.
Treatment-induced thermal shifts and abundance changes are indicated with statistical significances.
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The results showed thermal stabilization of KIT and of the additional ephrin receptor EPHB4.
Discoidin domain receptor tyrosine kinase 1 (DDR1), another expected target of dasatinib
(Fig. 46), showed a decreased surface abundance (-14 %, -log(p) 5.6) upon dasatinib treatment.

In a next step, cell surface thermal proteome profiling was used to monitor target engagement to
integrins, the principal class of cell adhesion proteins. For that purpose, cells were treated with
the two RGD-motif binding integrin inhibitors SB273005 (Fig. 57) and cyclo-RGDfK
(supplemental Fig. 20).
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Fig. 57 Monitoring target engagement of SB273005 to RGD-binding integrins. K562 cells were
treated in three biological replicates with 1 yM SB273005 or vehicle as control followed by a heat
treatment with a temperature gradient between 37 °C to 69 °C. (A) Significantly affected proteins upon
SB273005 treatment are labeled. Left half of squares indicate significant abundance changes while right
half of squares indicate significant thermal shifts. Median standard deviation between replicates: 0.14.
(B-D) Mean melting curves in controls and treatments of significantly affected proteins. Error bars
indicate standard deviations. Selected data points for cumulation are highlighted with dashed boxes.
Treatment-induced thermal shifts and abundance changes are indicated with statistical significances.

Both small molecule RGD-mimetics induced a significant thermal destabilization and
internalization of the three integrin subunits ITGAV, ITGB3 and ITGB5 which are described to
form functional RGD-binding integrin complexes (Humphries, 2006). Another beta subunit
expressed on the surface of K562 cells, ITGB1, was neither affected by SB273005 nor by
cyclo-RGDfK although it can also form a functional RGD-binding complex with ITGAV. This
result was also observed when treating another cell line (Jurkat) with SB273005 (supplemental
Fig. 21). Besides the two small molecule inhibitors, also a monoclonal antibody (mAb) directed
against an extracellular epitope of ITGAV was tested (supplemental Fig. 22). The results
showed the integrin alpha subunit ITGAV to be selectively affected and thus demonstrated the
applicability of cell surface thermal proteome profiling for monitoring target engagement to
plasma membrane proteins with biopharmaceuticals like antibodies (supplemental Fig. 22).
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Additional evaluation experiments were conducted with the small molecule inhibitors elacridar,
SB431542 and luminespib directed against ABCB1, TGFBR1 and HSP90 proteins, respectively
(Fig 58 and supplemental Fig. 23-25).
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Fig. 58 Monitoring target engagement to several cell surface protein classes. Cells were treated in
three biological replicates with 1 uM elacridar, 10 yM SB431542, 1 yM luminespib or vehicle as control.
(A) Significantly affected proteins upon elacridar treatment are labeled. Left half of squares indicate
significant abundance changes while right half of squares indicate significant thermal shifts. Median
standard deviation between replicates: 0.11. (B) As in (A) but showing results of SB431542 treatment.
Median standard deviation between replicates: 0.11. (C) As in (A) but showing results of luminespib
treatment. Median standard deviation between replicates: 0.11.

For all three inhibitors, significant treatment-induced effects for the expected cell surface
proteome targets were observed. In case of SB431542, besides TGFBR1 also JAG1, described
to be required for a subset of TGFB1 responses (Nyhan et al., 2010; Zavadil et al., 2004), was
thermally stabilized. When also focusing on slight treatment-induced cell surface abundance
changes, a significant reduction in the cell surface presentation of the monocarboxylate
transporters SLC16A1 (MCT1, -25%, -log(p) 2.9) and SLC16A3 (MCT3, -18%, -log(p) 5.2) was
observed (supplemental Fig. 24D). This observation is in line with the described complete
blockage of MCT1-mediated activities by SB431542 (Xu et al., 2017).

Besides small molecule inhibitors, cell surface thermal proteome profiling was evaluated for
monitoring native ligand binding to cell surface receptors. In line with the increasing evidence for
a relationship between cell signaling and endocytic membrane trafficking for attenuation of
signaling pathways (Sorkin and von Zastrow, 2009), treatments with human IL2, IL6, CXCL12
and VLDL resulted in reduced cell surface abundances of the respective receptors and receptor
complexes (Fig. 59 and supplemental Fig. 26-29).
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Fig. 59 Monitoring target engagement with native ligands. Cells were treated in three biological
replicates with 10 nM L2, 20 nM IL6, 20 nM CXCL12, 100 yg VLDL or vehicle as control. (A)
Significantly affected proteins upon IL2 treatment are labeled. Left half of squares indicate significant
abundance changes while right half of squares indicate significant thermal shifts. Median standard
deviation between replicates: 0.15. (B) As in (A) but showing results of IL6 treatment. Median standard
deviation between replicates: 0.15. (C) As in (A) but showing results of CXCL12 treatment. Median
standard deviation between replicates: 0.17. (D) As in (A) but showing results of VLDL treatment. Median
standard deviation between replicates: 0.09.

Treatment of the natural killer model cell line YT with 10 nM human IL2 resulted in pronounced
internalization of all three subunits of the interleukin 2 receptor, IL2RA, IL2RB and IL2RG
(IL2RB significant at reference temperature only, see supplemental Fig. 26) as well as the
interleukin 2 receptor associated protein JAK1 involved in the interleukin signaling cascade (Zhu
et al., 1998). Other effects were observed on the E3 ubiquitin-protein ligase UBR2, involved in
ubiquitination, internalization and degradation of transmembrane proteins (d’Azzo et al., 2005)
on CD86, which is described to show an increased expression as a side effect of IL2 therapy
(Paine et al.,, 2012) and a thermal stabilization of NOTCH2, described to be activated by
inflammatory cytokines (Wang et al., 2013). IL2 signaling involves membrane-association and
activation of PKC proteins (Lu et al., 1999). Since activation of these kinases plays an important
role in the negative regulation of receptor signaling as also described for IGF1R (Zheng et al.,
2000), the observed pronounced thermal destabilization of IGF2R could be the result from a
negative feedback from IL-2 activated PKC. In comparison to these results, treatment with an
IL2RA directed mAb did not result in detection of significantly affected proteins (supplemental
Fig. 30). Treatment of the same cell line with human IL6 resulted in pronounced internalization
of the IL6 receptor complex formed by the alpha subunit IL6R and the beta subunit IL6ST (IL6R
quantified in one replicate only, supplemental Fig. 27). Furthermore, vimentin (VIM) described to
be differentially regulated by interleukins (Hornbeck et al., 1993; Weidle et al., 2010), was found
to be internalized upon IL6 treatment. Treating Jurkat cells with human CXCL12 resulted in
profound internalization of its receptor CXCR4. In addition, SPINT1, an inhibitor of HGF
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activator (Kirchhofer et al., 2003) which in turn is involved in regulation of CXCR4 expression
(Maroni et al.,, 2007), was found to be internalized upon CXCL12 treatment
(supplemental Fig. 28). Lastly, stimulation of serum starved THP-1 cells with human VLDL
resulted in slight but significant internalization of LDLR but not of VLDLR (supplemental Fig. 29).
LDLR activation and internalization is described to activate protein kinase C (PKC, Lara et al.,
1997). In line with this, the receptor for activated C kinase (GNB2L1, Park et al., 2004), the
calpain CAPN2, described to be associated to PKC (Savart et al., 1987), and the PKC target
GAPDH (Zhang et al., 2015) were found to be affected by VLDL treatment.

In addition to the observed receptor internalization, native ligands can also induce thermal
stability changes in their receptors (Fig. 60).

A Folic acid on THP-1 B FOLR2
P FoLR2 I R — Ctrl 58.0°C
o — Treat 64.8°C
© Effect =2
= o . ©
© «~ +50% +2.0°C o
> +25%[f5]+1.0°C =%
o +10%| | [+0.5°C O S
T © | o
0} -10% 0.5°C c
© 25 1.0°C J o |
% © | -50% 2.0°C c o ATy: +6.8 °C
>
% g% L, | -logi(pval): 3.4
D < SE =° :
g 2
[Q uiurﬂ 77777 o \}\§
o |
© T T T T ° T T T T ; T T T
-2 0 2 4 40 45 50 55 60 65 70
collated ratio (treatment / ctrl), log, Temperature [°C]

Fig. 60 Monitoring target engagement with folic acid. Starved cells were treated in three biological
replicates with 20 yM folic acid or vehicle as control. (A) Significantly affected proteins upon treatment
are labeled. Left half of squares indicate significant abundance changes while right half of squares
indicate significant thermal shifts. Median standard deviation between replicates: 0.14. (B) Mean melting
curves of significantly affected FOLR2. Error bars indicate standard deviations. Selected data points for
cumulation are highlighted with dashed boxes. Treatment-induced thermal shift is indicated with
statistical significances.

Treating serum and folate starved THP-1 cells with 20 uM folic acid resulted in a profound
thermal stabilization of FOLR2. However, treatment of cells with the folic acid analogue
methotrexate did not affect this receptor (supplemental Fig. 31). Instead, an increased surface
accessibility and a thermal destabilization of CORO1B, involved in actin cytoskeleton
organization (Cai et al., 2008), was observed. In line with this observation, methotrexate
treatment is described to induce changes in actin filament organization (Otrocka et al., 2001)
and cytoskeletal morphology probably involved in the lethal effects of this chemotherapeutic
drug (Jackson et al., 1989). Nevertheless, both treatments with folic acid and methotrexate did
not significantly affect the reduced folate carrier SLC19A1, one of the major facilitative
membrane folate transporters (Hou and Matherly, 2014), making this transporter a
false-negative drug target.

It is important to understand which proteins can be altered in thermal stability upon binding of
small or large molecule ligands and for which proteins false negative results might be expected.
Target binding could be detected for different plasma membrane target classes with small
molecules and native ligands. However, there were also multiple cases for which expected
targets did not show significant changes in thermal stability or in cell surface abundance. For
example, cell surface thermal proteome profiling was unable to detect target engagement to
respective cell surface receptors after treatment of serum starved cells with 100 nM insulin-like
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growth factor 1 (IGF-1) or insulin (INS) as shown in supplemental Fig. 32. Furthermore, negative
results were observed in case of cellular treatment with the loop diuretic furosemide (NKCC1
(SLC12A2) and NKCC2 (SLC12A1) inhibitor, César-Razquin et al., 2015), the SLC22 family
inhibitor probenecid (César-Razquin et al., 2015) and the nucleoside transporter inhibitor
dipyridamole (SLC29A1 inhibitor, César-Razquin et al., 2015) as shown in supplemental Fig. 33.
Likewise, cellular treatment with the broad-spectrum matrix metalloproteinase inhibitor ilomastat
(supplemental Fig. 34) as well as with the BCR-ABL tyrosine kinase inhibitor nilotinib
(supplemental Fig. 35) did not result in identification of target engagement with the cell surface
thermal proteome profiling approach. Furthermore, the approach was inappropriate to directly
detect target engagement with the small molecule inhibitors WZ811 (supplemental Fig. 36) and
IT1t (Fig. 61), both targeting the GPCR CXCR4. However, as these small molecule inhibitors
bind to the same binding site on CXCR4 like its native ligand CXCL12, measuring a reduced
CXCL12-dependent CXCR4 internalization in presence of IT1t enabled monitoring of target
engagement to this GPCR by small molecule inhibitors (Fig. 61).
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Fig. 61 Monitoring target engagement to CXCR4 by competition binding. (A) Jurkat cells were
treated in three biological replicates with 1 uM IT1t or vehicle as control. Significantly affected proteins
upon treatment are labeled. Left half of squares indicate significant abundance changes while right half of
squares indicate significant thermal shifts. Median standard deviation between replicates: 0.11. (B) As in
(A) but cells were treated for 30 min with 1 uM IT1t followed by treatment for 15 min with 20 nM CXCL12
or cells were only treated for 15 min with 20 nM CXCL12 as control. Median standard deviation between
replicates: 0.16. (C) Mean melting curves for CXCR4 in untreated (Ctrl), IT1t-treated (IT1t),
CXCL12-treated (CXCL12) or IT1t and CXCL12-treated (IT1t+CXCL12) cells. Error bars indicate standard
deviations.

Programmed cell death is a biological process for targeted clearance of unwanted or
malfunctioning cells. Dysregulation of this apoptotic process can disrupt the delicate balance
between cell proliferation and cell death and can lead to diseases such as cancer (Fesik, 2005).
Drug discovery often aims at developing small molecules that restore the normal apoptotic
pathways leading to selective death of such aberrant cells. However, there is often a delay
before any morphological or biochemical changes on apoptotic cells can be detected (Chin et
al., 2006). Since programmed cell death is often accompanied by changes in the cell surface
proteome (Elmore, 2007), cell surface thermal proteome profiling was tested to study effects of
apoptosis-inducing small molecules. For that purpose, THP-1 cells were treated for 60 min with
1 UM of the broad spectrum kinase inhibitor staurosporine (Fig. 62 and supplemental Fig. 37-40)
described to induce rapid apoptosis (Chin et al., 2006; Namgaladze et al., 2008). Furthermore,
Jurkat cells were treated with 1 yM digitoxin and 1 yM ouabain, both described to induce
apoptosis in this cell line but not in K562 cells (lhenetu et al., 2007). The different susceptibility
of Jurkat and K562 cells towards these digitalis-like compounds can be explained by the
differential expression of the two multidrug resistance transporters ABCB1 and ABCAS8, both
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described to allow intracellular clearance of digitalis-like compounds (Gozalpour et al., 2016;
Tsuruoka et al., 2002; Wakaumi et al., 2005). Both transporters were observed to be expressed
in K562 but not in Jurkat cells.
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Fig. 62 Monitoring effect of apoptosis-inducing compounds. Cells were treated in three biological
replicates with 1 uM staurosporine, 1 uM digitoxin, 1 uM ouabain or vehicle as control. Respectively used
cell lines are indicated (A) Selection of significantly affected proteins upon treatment with staurosporine
are labeled. Left half of squares indicate significant abundance changes while right half of squares
indicate significant thermal shifts. Median standard deviation between replicates: 0.10. (B) As (A) but
showing significantly affected proteins after treatment with digitoxin. Median standard deviation between
replicates: 0.11. (C) As (A) but showing significantly affected proteins after treatment with ouabain.
Median standard deviation between replicates: 0.10.

In case of staurosporine treatment, the expected direct targets CSF1R, RET and KIT as well as
CYBB, described to mediate the staurosporine-induced apoptotic death (Guemez-Gamboa and
Moran, 2009), were detected to be significantly affected. In addition to these, 39 other proteins
like IGF2R and VLDLR showed significant treatment-induced effects which were probably
primarily triggered by secondary events, in line with the broad spectrum effect of this inhibitor on
several cellular signaling pathways. Treatment of Jurkat cells with digitoxin and ouabain, two
Na*/K*-ATPase inhibitors, resulted in detection of target engagement to their direct ATPase
alpha and beta subunit targets ATP1A1, ATP1A3, ATP1B1 and ATP1B3. Furthermore as
already observed for the treatment of K562 cells with ouabain, also ATP13A3 and SLC12
members were significantly affected. In addition to these, significant effects were detected for 17
and 8 other proteins for digitoxin and ouabain treatments, respectively. The list of these other
proteins again comprised IGF2R and VLDLR making these proteins potential markers for
detection of early cellular stress response.

In a final approach, cell surface thermal proteome profiling was evaluated for monitoring cellular
responses to environmental stimuli like T-cell activation, hypercupremia and hyperthermia.
T-cell activation by co-stimulation of CD3 and CD28 with antibodies partially mimics physiologic
stimulation by antigen-presenting cells (Trickett and Kwan, 2003). Stimulation for 30 min
resulted in reduction of the surface abundances of CD28 and the T-cell receptor comprising the
T-cell receptor alpha and beta subunits TCRA, TRBC1 and TRBV12-3 as well as CD3D, CD3E
and CD3G by on average 61 % (Fig. 63 and supplemental Fig. 41-42). Furthermore,
internalization of the L-selecting SELL (-70%, -log(p) 11.8), described to be associated with the
T-cell receptor (Szabo et al., 1994), along with the SELL-cleaving metalloprotease ADAM17
(Wang et al., 2009, -31%, -log(p) 7.5), was observed. In addition, a marked increase in surface
accessibility was detected for ATRN (+43%, -log(p) 5.4), known to be rapidly presented on
activated T-cells (Pozzi et al., 2001), for ITGAL and ITGB2, described to be up-regulated upon
T-cell activation (Bose et al., 2013), for ANOG, involved in cell volume regulation (Sirianant et
al., 2016) as T-cell activation results in increased cell volume (June et al., 1987) as well as for
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CD2 and CD48, whose interaction is described to be critical during T cell activation (Musgrave
et al., 2003). CORO1A, observed to be thermally stabilized upon co-stimulation, is described to
link cytoskeleton dynamics to T-cell receptor induced cell signaling (Mugnier et al., 2008). In
addition, along with thermal stabilization, a marked increase in surface accessibility was
detected for the complement receptor CR2 (+35%, -log(p) 8.0) and for the flippases ATP11A
(+46%, -log(p) 8.4) and ATP11B (+39%, -log(p) 2.9).
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Fig. 63 Monitoring T-cell activation by CD3 and CD28 co-stimulation. Cells were treated in four
biological replicates with 20 ug anti-CD3 mAB and 20 ug anti-CD28 mAb crosslinked with 50 ug anti-
mouse mAb or vehicle as control. (A) Selection of significantly affected proteins upon treatment are
labeled. Left half of squares indicate significant abundance changes while right half of squares indicate
significant thermal shifts. Median standard deviation between replicates: 0.18. (B-F) Mean melting curves
in controls and treatments of significantly affected proteins. Error bars indicate standard deviations.
Selected data points for cumulation are highlighted with dashed boxes. Treatment-induced thermal shifts
and abundance changes are indicated with statistical significances.

Hypercupremia was simulated by treating K562 cells with 20 uM CuSO4 for 60 min. This
resulted in internalization and thermal destabilization of the copper influx transporter SLC31A1
as well as an increased surface presentation and thermal stabilization of the copper efflux
transporter ATP7A (Fig. 64 and supplemental Fig. 43-44). Furthermore, internalization of the
zinc-influx transporter SLC39A6, described to be able to transport copper (Taylor et al., 2007),
thermal destabilization of the cation channel P2RX7 described to be inhibited by copper
(Virginio et al., 1997) and an increased surface presentation of the cation channel TRPM4
involved in copper-induced membrane depolarization (Gémez et al., 2016), was observed. In
addition, an increased surface presentation and thermal stabilization of ANXA2, described to
co-localize with ATP7A (Matsuzaki et al., 2014), and of the divalent cation transporter ATP2B4
was detected. Hypercupremia also affected several other transporters involved in amino acid
(SLC38A5, SLC43A1), nucleoside (SLC29A2), bicarbonate (SLC4A), multivitamin (SLC5A6)
and ion (ATP1A1, ATP1B1, SLC12A6, CLCN3) transport suggesting an overall altered cellular
metabolism.
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Fig. 64 Monitoring cellular stimulation by hypercupremia. K562 cells were treated in three biological
replicates with 20 yM CuSOs or vehicle as control. (A) Selection of significantly affected proteins upon
treatment are labeled. Left half of squares indicate significant abundance changes while right half of
squares indicate significant thermal shifts. Median standard deviation between replicates: 0.17. (B-F)
Mean melting curves in controls and treatments of significantly affected proteins. Error bars indicate
standard deviations. Selected data points for cumulation are highlighted with dashed boxes.
Treatment-induced thermal shifts and abundance changes are indicated with statistical significances.

Finally, cell surface thermal proteome profiling was evaluated for identification of HSP90 protein
clients. For that purpose, cells were exposed to hyperthermia at 42 °C for 30 min in presence or
absence of the HSP90 inhibitor luminespib. After additional 60 min in the incubator at 37 °C for
recovery, the cell surface thermal proteome profiling approach was applied. Treatment with
luminespib led to thermal stabilization of HSP90AA1 and HSP90AB1 as already previously
observed (Fig. 65, supplemental Fig. 45 and Fig 58C). As most of the HSP90 client proteins
belong to the families of tyrosine kinases and related tyrosine kinase-like proteins (Citri et al.,
2006; Den and Lu, 2012), inhibition of the HSP90 proteins during hyperthermia resulted in
reduced cell surface abundances of the receptor tyrosine kinases IGF1R and INSR. Other
clients of HSP90 are non-receptor tyrosine kinases. Although these kinases cannot be directly
analyzed with the cell surface thermal proteome profiling approach as they are not cell surface
proteins, their reduced stability upon HSP90 inhibition still affected the stability of cell surface
receptors to which they are associated. An example is the non-receptor tyrosine kinase TYK2
described to be constitutively associated to IL10RB (Shouval et al., 2014) and to be rapidly
degraded upon HSP90 inhibition (Akahane et al., 2016). Similarly, janus kinases (JAKSs),
described to be associated with the interferon gamma receptor IFNGR1 (Sakatsume et al.,
1995) as well as with the common gamma chain IL2RG (Kawahara et al., 1995), are clients of
HSP90 proteins (Fridman and Sarlis, 2012; Bhagwat et al., 2014; Shang and Tomasi, 2006).
Accordingly, these receptors, which are described to rely on associated non-receptor tyrosine
kinases for signal transduction, were found with reduced cell surface abundances upon
hyperthermia in presence of luminespib.
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Fig. 65 Cell surface thermal proteome profiling for identification of HSP90-targeted proteins. U937
cells were treated in three biological replicates for 30 min with 1 yM luminespib or vehicle as control.
Subsequently, cells were exposed to hyperthermia at 42 °C for 30 min followed by additional 60 min at
37 °C for recovery. (A) Significantly affected proteins upon treatment are labeled. Left half of squares
indicate significant abundance changes while right half of squares indicate significant thermal shifts.
Median standard deviation between replicates: 0.12. (B-F) Mean melting curves in controls and
treatments of significantly affected proteins. Error bars indicate standard deviations. Selected data points
for cumulation are highlighted with dashed boxes. Treatment-induced thermal shifts and abundance
changes are indicated with statistical significances.
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5. Discussion

5.1. Cell surface proteome mapping of cell lines and primary cells

Covalent tagging of glycoproteins on the cell surface is a commonly used approach for the
analysis of the plasma membrane proteome by enabling selective enrichment of a major fraction
of this subproteome. An advantage of this method is its remarkable selectivity (Zhang et al.,
2014). This can be explained by the fact that most cytosolic proteins are not glycosylated thus
making the approach intrinsically selective for cell surface proteins. Accordingly,
glycosylation-directed cell surface proteome biotinylation outperformed an amine-directed
covalent tagging strategy. In addition, it is also frequently applied e.g. for identifying cell surface
markers or to map the cell surface proteome of cell lines (Wollscheid et al., 2009; Bausch-Fluck
et al., 2015). Incorporation of the oxime-ligation catalyst aniline into the protocol enabled even
increased speed and efficiency at low temperatures while maintaining high cell viability (Zeng et
al., 2009) and reducing cellular responses induced by the biotinylation procedure. However,
published glycoproteome tagging protocols usually focus on the identification of glycosylated
peptides rather than on identifying all proteotypic peptides. Although this enables reduced
sample complexities and increased selectivities for cell surface presented proteins, it is
accompanied with a decreased mass spectrometry-based protein identification and
guantification confidence as both are based on only few glycopeptides. Furthermore, since the
commonly used protocols utilize a selective elution of enriched N-linked glycopeptides from the
affinity resin by the endoglycosidase PNGase F, other O-linked cell surface glycoproteins might
be missed. For that reason, the glycoproteome tagging strategy was intended to be optimized
by incorporating all proteotypic peptides for qualitative and quantitative investigation of cell
surface proteins. This enabled a more than two-fold increase in the number of identified plasma
membrane annotated proteins and a two-fold increase in on average identified unique peptides.
Utilization of PNGase F instead of tryptic on-bead digestion for a more selective elution of
enriched cell surface glycoproteins from the affinity resin was not efficient. As this enzyme is
typically used for cleavage at the N-linked glycosylation sites of enriched glycopeptides rather
than complete proteins, this inefficiency might be explained by steric hindrances due to dense
packing of the affinity resin and bound biotinylated proteins. Elution with PNGase F was only
efficient after previous tryptic on-bead digestion. Analysis of the PNGase F elution fraction in
addition to the tryptic on-bead digestion fraction added on average less than 5 % more plasma
membrane proteins (supplemental Fig. 46). Thus, PNGase F elution was omitted. Alternative
proteases for elution of enriched proteins were evaluated by in-silico digestion of
UniProt-annotated plasma membrane proteins. Results suggested only chymotrypsin as a
protease with comparable performance to trypsin with even slightly higher theoretical sequence
coverages for transmembrane proteins (supplemental Fig. 47). Nevertheless, trypsin was
selected as protease due to its efficiency, specificity and compatibility with electro spray
ionization. With all incorporated optimizations, the cell surface proteome mapping technique
outperformed the whole proteome analysis by achieving a 20 % higher coverage of cell surface
transmembrane proteins while requiring less than 10% of the MS analysis time.

Plasma membrane proteome mapping was applied to chart the cell surface proteomes of
commonly used model cell line systems and primary cells at a hitherto unprecedented depth
detecting on average >800 plasma membrane proteins per cell type and >2400 distinct cell
surface proteins in 21 different cell systems. These numbers compared very favorably to the
300 proteins per cell type and in total 1492 cell surface proteins from 41 human cell types
detected in a recent publication (Bausch-Fluck et al., 2015). The achieved increase in cell
surface proteome coverage can be attributed to more efficient labeling of surface proteins by
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including aniline as catalyst, enrichment on protein level rather than on peptide level and
improved MS instrumentation. The generated cell surface compendium can facilitate selecting
the appropriate cell system in which proteins of interest are expressed in sufficient amounts to
monitor responsiveness to external stimuli, cell signaling or drug transport. The marked
differences observed in surface proteome composition between primary cell systems and
corresponding cell lines of similar origin reflect a loss in functional specialization of cell lines due
to a deprivation of cell surface antigens (Gedye et al., 2014) and are in line with altered
responsiveness to many stimuli as well as differences in drug sensitivity (Dobson-Belaire et al.,
2011; Lidington et al., 1999; Thonemann et al., 2002). Furthermore, lymphoid cell lines were
observed to display a higher expression of transporters than corresponding primary cells. This
can be explained by the fact that growth rate is an intrinsic selection criterion for cell lines in
culture favoring elevated metabolism with the demand for higher nutrient uptake e.g. achieved
by increased transporter expression (McCracken and Edinger, 2013). Solute carrier proteins
represent a major group of such nutrient transporters which, in turn, can be hijacked for
transporter-mediated drug uptake (Dobson and Kell, 2008; Kell et al., 2013; Winter et al., 2014).
These observations suggest that data on drug uptake and drug potency for such cell lines might
not be predictive for the in vivo situation and that candidate drug molecules should be tested in
primary systems resembling the in vivo state as closely as possible (Cree et al., 2010).

5.2. Monitoring cell surface proteome dynamics and kinase inhibitor
disturbances during cellular differentiation

Cell surface proteome maps are typically static representations of cellular states. However,
human biology is determined by dynamic processes in which environmental changes or external
stimuli induce cellular adaptation or differentiation. Monocytes, for example, circulate in the
bloodstream and upon recruitment to damaged or infected tissues differentiate into
macrophages (Daigneault et al., 2010). Previous studies (Wollscheid et al., 2009), as well as the
data presented in this thesis, demonstrated major changes in the cell surface proteome
between the end points of cellular differentiation. However, relatively little is known about the
mechanisms underlying such differentiation processes and published studies are mainly based
on transcript profiling (Martinez et al., 2006). Here, plasma membrane proteome changes during
monocyte to macrophage differentiation were analyzed in a time resolved manner by making
use of the high multiplexing capabilities of tandem mass tag based quantitative mass
spectrometry. This approach for the first time enabled the comprehensive analysis of the
dynamic remodeling processes of the cell surface proteome during differentiation of THP-1 cells
into macrophages and provides unique insights into the underlying mechanisms. Remodeling on
the cell surface occurs in three major steps. In a first step, collagens and other extracellular
matrix proteins are secreted and proteins such as CD83, that are stored intracellularly, are
relocalized to the plasma membrane (Cao et al., 2005). Due to the rapid response to the
differentiation stimulus, this process must be to a large extent independent of de novo protein
synthesis. Morphologically, the initial step manifests as the cells start to become adherent,
suggesting that remodeling of the ECM and relocalization of PLAVB, CD83 and other proteins
induce initial adherence of THP-1 cells. The second phase that partially overlaps with the first
phase is dominated by internalization or degradation of no longer required surface markers,
transporters and proteins regulating cell proliferation. While the internalization of some
monocyte markers such as CD4 is very fast, abundances of some receptor tyrosine kinases
such as the ephrin receptors steadily decrease over the course of two days. The third phase is
dominated by delayed presentation of newly synthesized proteins at the plasma membrane that
reflect altered nutritional requirements and functions of non-dividing macrophages. The delayed
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de novo synthesis following degradation of no longer needed proteins suggests a highly energy
efficient process that enables differentiation without temporarily increasing the biomass.

Differentiation of monocytes in the presence of the marketed kinase inhibitor dasatinib resulted
in a major change of cellular morphology and impaired macrophage function. Dasatinib has
been suggested to influence differentiation processes in vitro and in vivo, e.g. by enhancing
megakaryocyte differentiation, by inhibiting platelet formation in mice (Mazharian et al., 2011) as
well as by promoting retinoic acid-induced differentiation of AML cells (Kropf et al., 2010). The
data presented here provides a detailed description of alterations in the cell surface proteome
when monocytes are differentiated in the presence of dasatinib. Up-regulation of CLEC5A,
described to be involved in osteoclastogenesis (Inui et al., 2009), was the most prominent
change observed. Interestingly, dasatinib has already been described to affect osteoclasts by
acting as a bone-modifying agent through enhancing the differentiation and function of
osteoblasts while inhibiting osteoclast differentiation (Garcia-Gomez et al.,, 2012). These
observations suggest that patients treated with dasatinib might suffer from a weakened immune
system due to impaired replenishment with newly differentiated functional macrophages. As
only some of the classic macrophage cell surface markers are affected, this drug effect might
not be identified with targeted methods such as immunostaining or fluorescence-activated cell
sorting (FACS). Sunitinib and imatinib, two other marketed kinase inhibitors, did not elicit this
response. Since imatinib and dasatinib are both marketed ABL kinase inhibitors, an off-target
activity of dasatinib must be responsible for the impaired differentiation. Ephrin receptors, which
are potently inhibited by dasatinib, are expressed in monocytes and their presentation is
regulated during monocyte to macrophage differentiation. This data and the known role of
ephrin receptor tyrosine kinases in differentiation processes (Wilkinson, 2014) are suggestive
for these proteins being the dasatinb off-targets responsible for the observed dysregulation of
the monocyte to macrophage differentiation. As no selective ephrin receptor inhibitors are
currently available, it is difficult to further investigate this hypothesis. However, RNA interference
experiments could potentially aid in elucidating this dysregulation by inducing a temporary
suppression of ephrin receptor expression. In summary, these findings suggest including cell
differentiation assays more rigorously in preclinical testing of candidate drugs to detect such
adverse drug effects at an early stage in drug discovery.

The presented qualitative and quantitative cell surface mapping technique allows detailed
analyses of time and stimulus-dependent effects on the plasma membrane proteome to a depth
of more than 1000 cell surface proteins in a single experiment. In contrast to methods
monitoring transcript levels of known surface proteins, the plasma membrane proteome
mapping approach enables the detection of altered subcellular localization and proteins
presented from intracellular vesicles. The coverage of the cell surface proteome achieved with
this mass spectrometry-based strategy greatly exceeds multiplexed
immunohistochemistry-based approaches (Levenson et al., 2015) and in addition the approach
is unbiased in nature. Using conventional fluorescence-based detection methods such as
FACS, depletion of a specific cell population upon drug treatment can hardly be distinguished
from perturbations in the cell surface proteome masking detection. However, it is important to
note that this approach is primarily (Wollscheid et al., 2009) based on selective enrichment of
sialylated cell surface proteins. Thus, non-sialylated glycoproteins may be missed. Furthermore,
potential stimulus-dependent effects or modifications on protein sialylation as described e.g. for
cellular differentiation processes (Wang et al., 2016; Keppler et al., 1999) might influence
results. However, for most human glycosylated proteins the glyco structure is described to carry
a sialic acid at the end of the glycan chain (Varki, 2007) and proper glycosylation has been
previously shown to be necessary for surface delivery of proteins (Gahmberg and Tolvanen,

92



Discussion

1996). In addition, it was shown that despite major changes in glycosylation during the
differentiation of monocytic THP-1 cells into macrophage-like cells, no significant change in
overall sialylation was observed (Delannoy et al., 2017).

5.3. Cell surface thermal proteome profiling for monitoring target
engagement to plasma membrane proteins

Membrane proteins are important therapeutic targets, however, the discovery and analysis of
drug interactions with membrane targets still represents a challenging task. Most approaches
like differential scanning fluorimetry (Hofmann et al., 2016) or surface plasmon resonance
spectroscopy (Patching, 2014) are performed in lysates or from purified proteins and as such
require extraction of proteins from their native cellular environment often resulting in
denaturation and inactivation of membrane proteins (Seddon et al., 2004). Furthermore, these
approaches usually only monitor predefined protein targets and drugs under investigation often
need to be chemically modified to attach, for example, an enrichment handle or a fluorophore. In
contrast, the recently described thermal proteome profiling approach (TPP, Savitski et al., 2014)
enables an unbiased identification of protein targets of small molecules in live cells and does not
require chemical modifications of these molecules. TPP has been successfully applied for the
identification of intracellular drug targets. However, frequent targets for pharmaceutical
intervention are transmembrane proteins containing cell surface accessible domains. A revised
TPP protocol incorporating the mild detergent IGEPAL CA-630 extended the target space of this
approach towards integral membrane proteins (Reinhard et al., 2015; Huber et al., 2015).
Nevertheless, the analysis of transmembrane proteins and their interactions is still challenging
especially due to their low abundances compared to many cytosolic proteins. As a result, long
mass spectrometry analysis times are required to achieve sufficient proteome coverage.
Reinhard et al. invested a total MS analysis time of 60 hours per experimental TPP replicate
(one control and one treatment) for analyzing the effects of pervanadate treatment on the T-cell
receptor pathway in Jurkat cells. On average, 1200 plasma membrane annotated proteins were
identified with good quantification per sample. However, similar to the previous comparison of
the cell surface mapping technology with deep whole proteome analysis, the majority of these
proteins were not integral membrane proteins but included enzymes and other proteins that are
localized to the cytosolic side of the plasma membrane. When focusing on proteins with
annotated transmembrane domains, on average 380 annotated integral membrane cell surface
proteins were quantified per sample in this study. Furthermore, due to the total lysis of the cells,
this approach does not distinguish between cell surface presented and intracellularly stored
fractions of plasma membrane annotated proteins. As often only the fraction of the protein pool
accessible on the cell surface is therapeutically relevant, this spatial averaging might mask
effects.

To specifically analyze cell surface presented proteins, thermal proteome profiling was
combined with the above described selective enrichment of glycosylated plasma membrane
proteins. The enrichment of cell surface proteins reduces sample complexity thus less MS
analysis time is required while still enabling an extensive coverage of this subproteome.
Furthermore, the approach only focuses on the cell surface presented fraction of plasma
membrane proteins. This cell surface thermal proteome profiling (CSTPP) approach enabled
guantification of on average 380 plasma membrane associated proteins and 225 cell surface
transmembrane proteins with 2 hours of total MS analysis time per sample and 4h per
experimental replicate from Jurkat cells. Thus, the CSTPP approach allows the quantification of
almost ten times more cell surface transmembrane proteins per utilized MS analysis time
compared to the previously published TPP protocol (113 proteins/h in CSTPP vs. 13 proteins/h
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in TPP). For evaluation of the CSTPP approach, the short analysis time of 2 hours per sample
was kept although this only allowed a robust quantification of about 45 % (225 vs 503 proteins
in cell surface mapping) of the theoretical observable cell surface transmembrane target space.

Melting curves of transmembrane proteins have been shown to deviate from cytosolic proteins
(Reinhard et al.,, 2015) and the experimental design using melting curves suffers from low
sensitivity for detecting small changes in thermal stability (Savitski et al., 2014). Initial CSTPP
experiments using melting curve-based data analysis as applied for TPP did not consistently
result in a robust detection of thermal shifts for positive controls. Furthermore, an increased
false positive rate was observed. A crucial part of the TPP data analysis is the normalization of
melting curves to reduce variability between parallel experiments (Franken et al., 2015).
However, in case of the CSTPP experiments, only few proteins fulfilled the selection criteria to
be used for determining normalization factors thus resulting in inaccurate data normalization. In
addition, the melting behavior of several plasma membrane proteins could not be accurately
described by sigmoidal curves. To address these weaknesses, a new sample and data analysis
scheme which does not depend on the fitting of melting curves, was introduced. This new data
analysis approach vastly improved data quality and enabled more robust detection of
treatment-induced effects. Furthermore, whereas the previous approach only fitted melting
curves and failed to detect protein abundance changes, the new analysis strategy also precisely
guantifies these treatment-induced effects. Especially for cell surface membrane proteins, the
additional information about protein spatial changes is of great importance, as e.g. receptor
internalization upon ligand binding is a common cellular mechanism for the attenuation of
signaling pathways (Sorkin and von Zastrow, 2009).

The cell surface thermal proteome profiling approach was benchmarked with a total of 31
different cellular treatments (small molecules, native ligands, antibodies) targeting plasma
membrane proteins. These experiments were conducted in 5 different non-adherent cell lines
selected according to the observed expression of expected cell surface protein targets in the
compendium of cell surface proteome mappings. In total, 1200 plasma membrane proteins
(about 300 receptors and 160 transporters) were quantified (supplemental Fig. 48) with an
average fractional abundance of about 70 % for cell surface proteins which indicated good
enrichment efficiency. A general data analysis revealed correlation of determined melting points
with physicochemical properties of cell surface proteins (Fig. 66).
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Fig. 66 Correlation of thermal stability with physicochemical properties of cell surface proteins.
Overall analysis of identified plasma membrane proteins based on the physicochemical properties (as
annotated by UniProt) molecular weight (MW), transmembrane (TM) domains, glycosylations and relative
content of alpha helical structures. Data was filtered for proteins quantified in at least 2 replicates of at
least 2 experiments with R2 > 0.8 of melting curves and standard deviations of determined melting points
< 3 °C. Proteins are binned by their determined average melting points. Average values for each bin of
the physicochemical properties are color shaded between blue (min) and red (max). Minimal and maximal
values are indicated. Numbers of proteins per melting point bin are shown in the last column of the heat
map. Enriched GO-terms of biological processes (Benjamini-Hochberg corrected p-value < 0.05) for
proteins in each melting point bin are indicated.

The observed protein thermal stability increased with decreasing molecular weight, increasing
numbers of transmembrane domains and an increasing content of alpha helical secondary
structures. In line with these observations, Leuenberger et al. recently described an inverse
correlation between protein length and thermal stability (Leuenberger et al., 2017). Furthermore,
the alpha helical structure of transmembrane domains is described to be highly thermostable
(Haltia and Freire, 1995) suggesting an increasing protein thermal stability with increasing
numbers of transmembrane domains or in general increasing content of alpha helical secondary
structures. Accordingly, GO-term enrichment analysis of biological processes for proteins
binned by observed melting points showed the terms “transport” and “amino acid transport” as
most significantly enriched (Benjamini-Hochberg corrected p-value < 0.05) for proteins with high
melting points. The number of annotated glycosylation sites revealed no obvious correlation with
determined melting points.

In 70 % of the conducted validation experiments, significant effects were detected for expected
direct targets, interactors or downstream targets. Besides the detection of target engagement
with small molecule inhibitors, native ligands and biopharmaceuticals, CSTPP also enabled the
monitoring of cellular stimulations like T-cell activation or hypercupremia as well as identification
of client proteins for HSP90 chaperones. Furthermore, CSTPP enabled identification of two new
potential markers for early detection of cellular stress responses. Treatments with different
toxins resulted in the detection of a common effect on VLDLR and IGF2R with the latter being
already described to be involved in the regulation of apoptosis (Chu et al., 2009). The remaining
30 % of the conducted validation experiments produced false negative outcomes. A major group
of these experiments involved cellular treatments with small molecule inhibitors targeting SLC
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transporters or GPCRs. These protein classes typically have a high number of alpha helical
transmembrane (TM) domains (SLCs: 10-14 TM domains (Schlessinger et al., 2013), GPCR: 7
TM domains (Kobilka, 2007)). Furthermore, the binding sites of the tested compounds are
described to be located within these membrane spanning domains. TM domains are highly
thermal stable regions and retain most of their secondary structure even at elevated
temperatures. Consequently, thermal denaturation of transmembrane proteins is predominantly
driven by their extramembrane domains (Haltia and Freire, 1995). As GPCRs and SLCs mainly
consist of TM domains while the extracellular parts are also primarily of alpha helical structure,
protein thermal stability can only be negligibly affected by ligand-binding thus explaining the
false negative observations. These results suggest that SLCs and GPCRs might in general not
be accessible for thermal proteome profiling. However, many cell surface receptors are
internalized upon ligand binding (Sorkin and von Zastrow, 2009). Thus, competition experiments
monitoring reduced ligand-induced receptor internalization demonstrated the ability of CSTPP to
also detect target engagement to GPCRs as exemplified for CXCR4, its ligand CXCL12 and the
inhibitor IT1t.

In addition to target classes which are prone to produce false negative outcomes, some
members of protein classes which were demonstrated to be accessible to the approach and are
known to bind to the tested compound, showed no significant effect. For example, the integrin
ITGB1 was not affected by cellular treatments with integrin inhibitors, whereas other integrins
(e.g. ITGAV, ITGB3) showed a clear effect. Integrins form functional heterodimers composed of
an alpha and a beta subunit thereby defining their binding specificity for endogenous ligands
often containing a specific amino acid recognition sequence (Humphries, 2006). Both tested
small molecule RGD-mimetics resulted in the detection of target engagement to the alpha
subunit ITGAV as well as the beta subunits ITGB3 and ITGB5. Besides these integrins
described to form RGD-binding heterodimers, ITGAV is also described to form RGD-binding
complexes with ITGB1 (Humphries, 2006). Nevertheless, CSTPP failed to detect
treatment-induced effects on this integrin beta subunit. This outcome could be explained either
by the absence of functional complexes between ITGAV and ITGB1 on both tested cell lines
(K562 and Jurkat cells) or by a stoichiometry issue caused by highly different expression levels
of both receptors. For the latter case: if one complex partner is present with a much higher copy
number although complexes are formed in a 1:1 ratio, this results in a low fraction of this protein
to be actually forming the functional heterodimer while the remainder of the protein population is
for example forming other complexes. Interestingly, when comparing protein abundances
estimated from the signal intensities in the mass spectrometric analyses, ITGAV represents only
9 % of the total abundance of ITGB1. Consequently, only these 9 % of ITGBL1 are able to form a
functional RGD-binding complex and can show a treatment-induced effect. However, as
proteomics does not distinguish between subpopulations of a protein and thus quantifies the
average response of the entire protein population, a treatment-induced effect on this small
fraction of ITGB1 cannot be detected. As ITGB3 and ITGB5 together represent only about 10 %
of the total ITGAV abundance and since ITGAV showed highly significant treatment-induced
effects, the majority of the remaining 90 % of ITGAV have to be in a RGD-binding functional
complex (supplemental Fig. 49). The only other interaction partner at sufficient abundance and
capable of forming a RGD-binding complex with ITGAV is ITGB1 suggesting that functional
complexes between both are present. In summary, these results demonstrate that only those
proteins are accessible for a thermal proteome profiling approach for which the majority of the
protein pool is accessible for compound binding.

Thermal proteome profiling is a target engagement assay. The lack of an observed thermal shift
for proteins with a proven ability to be accessible for the assay can thus also indicate that no

96



Discussion

target engagement occurred in the analyzed cell system. An example is the receptor tyrosine
kinase EPHB1 which was not affected by cellular treatment with dasatinib although this kinase
is among the most potently hit targets of the tested inhibitor in the kinobeads competition assay
(pICs0 2.6 NM, see figure 46). The successful detection of target engagement with CSTPP to
other members of this group of receptor tyrosine kinases as well as the high structural similarity
within this class of proteins suggests that ephrin receptors in general can be accessed with the
methodology. Thus, the lack of an observed treatment-induced effect on EPHB1 with dasatinib
suggests a blocked target engagement in live THP-1 cells rather than a false negative result.
Dasatinib is a type-1 kinase inhibitor that targets kinase domains in their active form (Kothiwale
et al.,, 2015). The activity of RTKs is in general regulated by phosphorylation of the kinase
activation loop which, in the inactive non-phosphorylated state, blocks the active site of the
kinase (Huse and Kuriyan, 2002). A special mechanism for ephrin receptor inactivation involves
inhibitory lateral cis interactions between ephrin receptors and ephrin ligands co-expressed on
the same cell (Falivelli et al., 2013). Interestingly, EFNB1, a ligand of EPHB1, but no other
ephrin ligand was identified on the surface of THP-1 cells. These findings suggest inaccessibility
of the active site of the EPHBL1 kinase domain for dasatinib due to cis-inhibition by EFNB1 as a
likely reason for the reduced binding affinity of dasatinib. These results underline the importance
and benefits of cell-based methodologies as lysate-based experiments might abrogate such
interactions and thus could be non-predictive for phenotypic effects in live cells.

In addition to target engagement, thermal proteome profiling has also been applied to monitor
downstream effects of cellular treatments. Savitski et al. demonstrated thermal destabilization of
CRKL, a downstream effector of BCR-ABL signaling, upon dasatinib treatment (Savitski et al.,
2014) most likely triggered by phosphorylation changes in the protein. Similarly, Reinhard et al.
observed changes on downstream effectors upon cellular treatment with the unspecific
protein-tyrosine phosphatase inhibitor pervanadate (Reinhard et al., 2015). Equally,
downstream effects can be observed by CSTPP induced by changes in post-translational
modification or changes in protein-protein interactions. However, beyond that, CSTPP also
enables the detection of downstream effects which affect protein cell surface abundance either
by changes in the overall protein turnover or by internalization as well as presentation. An
example for the detection of downstream effects is the observed thermal stabilization of JAG1 in
addition to TGFBR1 upon cellular treatment with the TGF-beta 1 receptor inhibitor SB431542.
JAGL1 is required for a subset of TGFB1 responses (Nyhan et al., 2010; Zavadil et al., 2004) and
its induction by TGFB1 is down-regulated by TGF receptor inhibitors (Zhang et al., 2010).
Furthermore, this experiment revealed a treatment-induced internalization of MCT1 (SLC16A1)
and MCT3 (SLC16A3). Interestingly, SB431542 has been described to block oncogenic
activities mediated by the monocarboxylate transporter MCT1. This transporter is related to the
enhanced glycolytic flux (Warburg effect, Warburg, 1956) in cancer cells by enabling the export
of the increased formation of intracellular lactate (Xu et al., 2017) which otherwise results in
toxic intracellular acidification (Doherty and Cleveland, 2013). CSTPP explains the therapeutic
effect of SB431542 on MCTL1 by pinpointing it to the internalization of the monocarboxylate
transporters. These results are further validated by an observed treatment-induced effect on the
bicarbonate transporter SLC4A2 which is involved in the regulation of intracellular pH (Romero
et al., 2013) counteracting intracellular acidification.

Another example for an observed biologically relevant downstream effect is the stabilization of
the very-low-density-lipoprotein receptor VLDLR upon treatment with the kinase inhibitor
dasatinib. The lack of a nucleotide binding domain in VLDLR as well as the fact that
chemoproteomic profilings have not shown VLDLR as a dasatinib target (Li et al., 2010; Rix et
al., 2007; Shi et al., 2012) makes this protein an unlikely direct target of dasatinib. However,
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clinical studies with receptor tyrosine kinase (RTK) inhibitors showed increased blood lipid
levels in treated chronic myeloid leukemia patients (lizuka et al., 2016; lurlo et al., 2015)
suggesting a connection between dasatinib treatment and blood lipid homeostasis. A ligand of
VLDLR is VLDL which is composed of cholesterol, triglycerides and apolipoproteins. In CSTPP
experiments, stimulation of THP-1 cells with VLDL showed no observable effect on VLDLR. In
line with this finding, the observed thermal stabilization of VLDLR by dasatinib was not affected
by the presence of VLDL. However, this co-treatment revealed other effects of dasatinib only
observed during VLDL stimulation. These included receptor internalization of KIT, already
observed to be thermally stabilized upon cellular treatment with dasatinib, as well as receptor
internalization and thermal destabilization of IL6R. Interestingly, the cytokine IL6 has been
described to be involved in the regulation of the lipid metabolism by inducing expression of
VLDLR and LDLR, thereby resulting in increased uptake and degradation of lipoproteins
(Gierens et al., 2000; Hashizume et al., 2010). Furthermore, antibody-based blockade of IL6R in
rheumatoid arthritis patients resulted in increased blood lipid levels (Hashizume et al., 2010).
Thus, the observed effects of dasatinib in monocytes on VLDLR and the removal of IL6R from
the cell surface can be related to the dysregulated lipid metabolism observed in RTK inhibitor
therapy.

In summary, cell surface thermal proteome profiling allows thermal profiling analysis of cell
surface presented proteins. This method offers a more comprehensive characterization of
treatment-induced effects on this subproteome while reducing required MS analysis time. An
optimized sample and data analysis scheme vastly improved data quality and allows detection
of treatment-induced protein thermal stability changes along with cell surface presentation
changes. The combined analysis of these effects provides an unbiased measure of drug-target
occupancy, enables the investigation of treatment-induced downstream effects on the cell
surface and thus facilitates the identification of markers for drug efficacy and toxicity.
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6. Future perspectives

The plasma membrane proteome is a prominent target for pharmaceutical intervention due to its
fundamental roles in many biological processes bearing opportunities for identification of novel
therapeutic targets and therapies. Consequently, techniques facilitating the unbiased work with
this subproteome have a major impact on basic science and drug discovery. This thesis aimed
at developing techniques targeting the plasma membrane proteome to enable novel insights
into biology and to facilitate analysis of drug effects. The utility of these techniques was
demonstrated on selected examples, e.g. for monitoring cellular differentiation as well as
perturbation of this process by dasatinib. However, there is a plethora of further applications
awaiting to be further explored. For example, this thesis just scratched the surface of the plasma
membrane proteomes of common cell line model systems and primary cells. An expansion of
the generated compendium of cell surface proteome maps to more cell lines and primary cell
types would be a step towards comprehensive description of plasma membrane proteomes.
This would facilitate the selection of the most relevant in vitro cell system to address biological
guestions. Interestingly, several cell types like immune cells are characterized by a large cell
population heterogeneity (Satija and Shalek, 2014). Expression proteomics of cell
subpopulations is a powerful approach to analyze this heterogeneity (Rieckmann et al., 2017).
However, the coverage of cell surface proteins with conventional proteomic approaches has
been limited so far. Utilizing FACS to isolate cell subpopulations followed by cell surface
proteomics has the potential to enhance characterization of these populations. Furthermore, the
extension of the cell surface proteome mapping to primary tissues, in contrast to pure cell
populations as described so far, would broaden the scope towards even more physiologically
relevant specimen and has the potential to facilitate modern biomarker discovery (Longuespée
et al.,, 2014). Monitoring of dynamic processes during cellular differentiation revealed major
rearrangements on the cell surface proteome. Yet, the impact of such dynamic processes for
drug discovery has so far been neglected. For example, analyzing plasma membrane proteome
changes during lineage differentiation of stem cells offers enormous potential for the
identification of novel therapeutic targets and therapies (Nagano et al., 2008).

Cell surface selective thermal proteome profiling fills a gap in analyzing target engagement to
the cell surface proteome. Despite the large number of successful examples, the here
established methodology still has opportunities for further improvements. CSTPP has so far
been evaluated for lymphoid and monocytic cell line model systems, but e.g. epithelial and
primary cell systems have not been analyzed, yet. Furthermore, the CSTPP approach
encountered false negative observations, similar to other target engagement assays. For
example, no effect was detected for small molecules targeting GPCRs. In this specific case, this
impairment could be circumvented by competition experiments in which ligand-induced receptor
internalization in presence of a small molecule inhibitor was reduced. To obtain an unbiased
GPCR-focused target engagement assay, a mixture of known native ligands of the GPCRome
(Kroeze et al., 2015) could be utilized for simultaneous analysis of reduced ligand-induced
receptor internalization in the presence of a molecule of interest. GPCRs are the most
frequently targeted protein class by FDA approved drugs (Overington et al., 2006) and such a
GPCR-focused CSTPP-based target engagement assay could further advance and facilitate the
drug discovery process. Beyond the application of CSTPP in drug discovery, this methodology
could be used for a more comprehensive analysis of stimulus-induced effects on the cell surface
proteome. Changes in thermal stability or surface presentation of this subproteome upon a
treatment or stimulation may be indicative for alterations in protein activity, complex partners or
changes in PTMs and thus could point towards hitherto unidentified effects. The opportunities of
such novel analysis strategies have been demonstrated e.g. by the utilization of limited
proteolysis for a global analysis of protein structural changes during metabolic transition (Feng
et al., 2014). Similarly, CSTPP could shed new light on many cellular processes and could
enable novel insights into systems biology.
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Supplemental Fig. 1 Validation of primary cell type enrichment from human blood. Human primary
B-cells, T-cells and NK-cells were extracted from buffy coats of human blood by Histopaque density
gradient centrifugation and the EasySep Enrichment kits according to manufacturer’s instructions in two
replicates. Enriched cells were cell surface biotinylated followed by lysis in 4 % SDS. Samples were
either loaded on 4-12 % SDS polyacrylamide gels with subsequent immunoblot analysis or were
analyzed by LC-MS/MS on a Q Exactive Hybrid-Quadrupole-Orbitrap mass spectrometer using a
270 min gradient. (A) Immunoblot analysis for the B-, T- or NK-cell markers CD19, CD3 or CD56,
respectively. (B) Comparison of relative abundances of B-, T- or NK-cell markers in enriched cell type
samples after cell surface proteome enrichment according to mslintensity-based abundance
estimations. Bars indicate averages of two replicates. Error bars indicate standard deviations.
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Supplemental Fig. 2 Comparison of cell lines and primary cells based on differentially expressed
proteins. GO-term  enrichment analysis for biological processes of proteins with significant
(p-value < 0.05) higher expression on cell lines compared to primary cells (left) and vise-versa (right) in
cell surface proteome mappings. Selection of top five GO-term s for biological processes.

120



Appendix

Hepc2 [ 3% _ 83%

, oo I
§ o | T o [ o

" w

et mono. |[EEEA o | 1% 69%
THP1 macro. e[ T 61%
et osteo. |[EE ™ m 65%
THP1 PMA+Dasa. 3% o e 67%
primary B | 20% - 59%
primary NK ‘ 20% - 57%

0% 5% 10% 15% 20% 25% 30% 35% 40% 45%
relative abundance

50% 55%

ases EIIEE st e 796

vt CI] ¢ EE

wexzos [JIIEE e 1147
swiom o2

usrve R s N 871
Group c.c.. g s«
W ABC  saos2 I s s 695
B Chck ®om NI« ws
B v QWD s
@ sLc ¥r wil s 717
T
T e

et osteo. [IIIED 3 s s 589

et pvasoasa. [ s S 528
- T

0 20 40 60

80 100 120 140 160 180 200 220
# proteins

Supplemental Fig. 3 Comparison of cell lines and primary cells based on cell surface protein
groups. (A). Fractional abundance of plasma membrane proteome subgroups on the cell surface of cell
lines and primary cell types. Fractional abundances represent the summed abundance estimations for
each subgroup relative to the summed abundance estimations of all identified plasma membrane
proteins. Prominent plasma membrane proteome subgroups are ATP-binding cassette transporters
(ABC = magenta), cluster of differentiation proteins (CD = blue), G-protein coupled receptors
(GPCR = green), Integrins (ITG = yellow), solute carrier transporters (SLC = orange) and all other plasma
membrane proteins in light grey. (B). Same data set as in A. but illustrating identified numbers of proteins.
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Supplemental Fig. 4 Prediction of missing protein topologies. If topology annotation is incomplete,
the developed database-integrating application predicts missing topology information based on existing
annotations as shown for the transmembrane protein SLC38A11. If transmembrane domains are
annotated in addition to at least one extramembrane domain, the remaining missing domains will be
predicted accordingly. Annotated topology information is drawn in black while predicted topologies are
drawn in grey.
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Supplemental Fig. 5 Regulated phosphorylation sites of cell surface proteins during PMA-induced
differentiation. Effects of PMA-induced differentiation on the cell surface phosphoproteome of THP-1
cells were monitored by combining enrichment of cell surface proteins with IMAC. Samples were
analyzed by LC-MS/MS on a Q Exactive Hybrid-Quadrupole-Orbitrap mass spectrometer using a 270 min
gradient and data was filtered for cell surface proteins with protein qusm = 2, peptide Mascot score > 15,
phosphorylation as peptide modification and peptide abundance change =2 -fold in at least one time point
with a p-value < 0.05. Data was further filtered for proteins with unaffected protein abundance in the
sample prior to IMAC. The overall protein abundances are indicated as green lines. Phosphopeptide
abundances are indicated as blue lines. Data points indicate means of two replicates. Error bars indicate
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Supplemental Fig. 6 Significantly regulated plasma membrane associated kinases during
differentiation. lllustration of all significantly regulated plasma membrane kinases during differentiation
from monocytic to macrophage-like cells. Standard deviations in Experimental group 1 are represented
as error bars. A significantly regulated protein was specified to have a Benjamini-Hochberg corrected

p-value < 0.01 and a logz relative fold change = 2 or < -2 at least once in the time course.
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Supplemental Fig. 7 Cell surface proteome changes during differentiation in presence of
sunitinib. Proteins with significantly altered abundance in THP-1 cells differentiated in presence or
absence of sunitinib in two biological replicates. Significance was defined as a combined fold-change
and p-value cut-off between cells differentiated in presence and cells differentiated in absence of the

kinase inhibitors with log: relative abundances = 1 or <

-1 in both replicates and t-test p-values < 0.05.
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Supplemental Fig. 8 Influence of heat treatment incubation time on non-aggregated ITGAV
fraction. K562 cells were incubated for 3, 5 or 3 x 1 min (1 min at RT in between) at indicated
temperatures. Subsequently, cells were incubated for 3 min at RT and lysed in 0.8 % IGEPAL CA-630.
Protein aggregates were removed by filtration and 30 pg of protein in flow throughs were subjected to
SDS-PAGE and immunoblotting for ITGAV.
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Supplemental Fig. 9 Influence of biotinylation prior to heat-treatment on thermal proteome
profiling performance. K562 cells were surface biotinylated in batch and subsequently split. Cells were
heated to different temperatures for 3 min followed by 3 min incubation at RT. Subsequently, cells were
lysed in PBS containing 1 % IGEPAL CA-630. Protein aggregates were removed by filtration and a
volume of lysate corresponding to 100 pg protein in the reference temperature sample was subjected to
streptavidin-based enrichment for 60 min. Enriched proteins were eluted by tryptic on-bead digestion for
16 h. Resulting peptide mixtures were TMT-labeled, cleaned by C18-SCX STAGE tips and 25 % of the
final mixtures were analyzed by LC-MS/MS on a Q Exactive Hybrid-Quadrupole-Orbitrap mass
spectrometer using a 270 min gradient. Data was normalized and filtered for cell surface proteins with
gusm 2 3, qupm = 2, R22 0.6 and ATwm < 3 °C in both of replicates.
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Supplemental Fig. 10 Influence of periodate oxidation prior to HT on protein biotinylation and
enrichment. K562 cells were oxidized in batch and subsequently split. In two replicates each, cells were
incubated for 3 min at 4, 40 or 70 °C followed by 3 min at RT. Cell surface proteins were biotinylated,
cells were lysed in 4 % SDS and 6 ug total protein were subjected to SDS-PAGE and immunoblotting for
biotinylated proteins. Remaining 100 pg lysate were subjected to enrichment with streptavidin-resin
followed by 16 h of digestions and TMT6 labeling. MS-analysis data was normalized to average relative
fold-changes per condition and quantified proteins were filtered for qusm = 3, qupm = 2 and plasma
membrane localization. (A) Blotting and staining of biotinylated proteins with Streptavidin DyLight800. (B)
Abundance of cell surface proteins after HT at 40 and 70 °C relative to the 4 °C control sample.
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Supplemental Fig. 11 Influence of periodate oxidation prior to HT on thermal proteome profiling.
K562 cells were oxidized in batch and subsequently split. Cells were heated to ten different temperatures
for 3 min followed by 3 min incubation at RT. Subsequently, cells were lysed in PBS containing 1 %
IGEPAL CA-630. Protein aggregates were removed by filtration and a volume of lysate corresponding to
100 ug protein in the reference temperature sample was subjected to streptavidin-based enrichment for
60 min. Enriched proteins were eluted by tryptic on-bead digestion for 16 h. Resulting peptide mixtures
were TMT-labeled, cleaned by C18-SCX STAGE tips and 25 % of the final mixtures were analyzed by
LC-MS/MS on a Q Exactive Hybrid-Quadrupole-Orbitrap mass spectrometer using a 270 min gradient.
Data was normalized and filtered for cell surface proteins with qusm = 3, qupm = 2, R2 = 0.6 and
ATwm < 3 °C in both of replicates.
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Supplemental Fig. 12 Streptavidin-coated bead titration for efficient capturing of biotinylated
proteins. K562 cells were surface biotinylated in batch and lysed in 1 % IGEPAL CA-630. To indicated
streptavidin-coated bead volumes, 150 ug lysate was added and incubated either 1 h or 2 h at RT while
overhead shaking. The flow-through was collected and subjected to SDS-PAGE followed by blotting and
staining of biotinylated proteins with Streptavidin DyLight800. Relative intensities were calculated towards
the input (O pL beads). (A) Affinity capturing for 60 min at RT. (B) Affinity capturing for 120 min at RT.
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Supplemental Fig. 13 Melting curves of expected targets in evaluation experiments. K562 cells
were treated in two biological replicates with 10 uM cyclo-RGDfK, 1 uM ouabain or 1 uM elacridar.
Vehicle treated cells were used as controls. Expected targets are ITGAV, ITGB3 and ITGB5 for cyclo-
RGD, ATP1A1, ATP1B1 and ATP1B3 for ouabain and ABCBL1 for elacridar.
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Supplemental Fig. 14 Data normalization curves for evaluation experiments. K562 cells were
treated in two biological replicates with 10 pM cyclo-RGDfK, 1 pM ouabain or 1 pM elacridar. Vehicle
treated cells were used as controls.
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as controls.
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Fig. 17 Performance indicators for cell surface thermal proteome profiling

experiments. Average number (top) and median fractional abundance (bottom) of identified plasma
membrane proteins in 34 cell surface thermal proteome profiling experiments each with at least three

biological replicates.
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Supplemental Fig. 18 Melting curves of affected proteins by treatment of THP-1 cells with
dasatinib. Cells were treated in three biological replicates with 1 uM dasatinib or vehicle as control. (A)
Mean melting curves of ATP11C in controls and treatments. Error bars indicate standard deviations.
Selected data points for cumulation are highlighted with dashed boxes. Treatment-induced thermal shifts
and abundance changes are indicated with statistical significances. (B) As (A) but for VLDLR.
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Supplemental Fig. 19 Monitoring effects of VLDL-treatment in presence of dasatinib. Serum starved
THP-1 cells were treated in three biological replicates for 60 min with 1 uM dasatinib or vehicle as control
followed by 60 min incubation with 100 pg human VLDL.(A) Significantly affected proteins upon treatment
are labeled. Left half of squares indicate significant abundance changes while right half of squares
indicate significant thermal shifts. Median standard deviation between replicates: 0.12. (B-F) Mean
melting curves in controls and treatments of significantly affected proteins. Error bars indicate standard
deviations. Selected data points for cumulation are highlighted with dashed boxes. Treatment-induced
thermal shifts and abundance changes are indicated with statistical significances.
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Supplemental Fig. 20 Monitoring target engagement of cyclo-RGDfK to integrins. K562 cells were
treated in three biological replicates with 10 pM cyclo-RGDfK or vehicle as control followed by a heat
treatment with a temperature gradient between 37 °C to 69 °C. (A) Significantly affected proteins upon
treatment are labeled. Left half of squares indicate significant abundance changes while right half of
squares indicate significant thermal shifts. Median standard deviation between replicates: 0.13. (B-D)
Mean melting curves in controls and treatments of significantly affected proteins. Error bars indicate
standard deviations. Selected data points for cumulation are highlighted with dashed boxes.
Treatment-induced thermal shifts and abundance changes are indicated with statistical significances.
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Supplemental Fig. 21 Monitoring target engagement of SB273005 to integrins on Jurkat cells. Cells
were treated in three biological replicates with 1 pM SB273005 or vehicle as control followed by a heat
treatment with a temperature gradient between 37 °C to 69 °C. (A) Significantly affected proteins upon
treatment are labeled. Left half of squares indicate significant abundance changes while right half of
squares indicate significant thermal shifts. Median standard deviation between replicates: 0.14. (B) Mean
melting curves of ITGAV in controls and treatments. Dashed melting curves indicate curve fits with
R2 < 0.85. Error bars indicate standard deviations. Selected data points for cumulation are highlighted
with dashed boxes. Treatment-induced thermal shifts and abundance changes are indicated with
statistical significances. (C) As (B) but for ITGB3.
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Supplemental Fig. 22 Monitoring target engagement of a mAb to integrins. K562 cells were treated
in three biological replicates with 20 pg of an anti-ITGAV mAb (Sigma-Aldrich, 13783) or vehicle as
control followed by heat treatment with a temperature gradient between 37 °C to 69 °C. (A) Significantly
affected proteins upon treatment are labeled. Left half of squares indicate significant abundance changes
while right half of squares indicate significant thermal shifts. Median standard deviation between
replicates: 0.11. (B-D) Mean melting curves of significantly affected proteins in controls and treatments.
Error bars indicate standard deviations. Selected data points for cumulation are highlighted with dashed
boxes. Treatment-induced thermal shifts and abundance changes are indicated with statistical
significances.
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Supplemental Fig. 23 Monitoring target engagement with elacridar. Cells were treated in three
biological replicates with 1 pM elacridar or vehicle as control. (A) Mean melting curves of ABCBL1 in
controls and treatments. Error bars indicate standard deviations. Selected data points for cumulation are
highlighted with dashed boxes. Treatment-induced thermal shifts and abundance changes are indicated
with statistical significances. (B) As (A) but for IL6R.
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Supplemental Fig. 24 Monitoring target engagement with SB431542. Cells were treated in three
biological replicates with 10 uM SB431542 or vehicle as control. (A) Mean melting curves of TGFBRL1 in
controls and treatments. Error bars indicate standard deviations. Selected data points for cumulation are
highlighted with dashed boxes. Treatment-induced thermal shifts are indicated with statistical
significances. (B) As (A) but for JAG1. (C) As (A) but for SLC4A2. (D) Average abundance at the
reference temperature (37 °C) of SLC16A1 and SLC16A3 in treatments relative to controls. Error bars
indicate standard deviations. Statistical significances are indicated.
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Supplemental Fig. 25 Monitoring target engagement with luminespib. Cells were treated in three
biological replicates with 1 pM luminespib or vehicle as control. (A) Mean melting curves of HSP90AA1
in controls and treatments. Error bars indicate standard deviations. Selected data points for cumulation
are highlighted with dashed boxes. Treatment-induced thermal shifts are indicated with statistical
significances. (B) As (A) but for HSP90ABL1.
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Supplemental Fig. 27 Monitoring target engagement with IL6. Cells were treated in three biological
replicates with 20 nM IL6 or vehicle as control. (A) Melting curves of IL6R in control and treatment. Since
this protein was quantified only in one replicate, fitted melting curves are indicated as dashed lines. (B-C)
Mean melting curves in controls and treatments of significantly affected proteins. Error bars indicate
standard deviations. Selected data points for cumulation are highlighted with dashed boxes. Treatment-

induced thermal shifts and abundance changes are indicated with statistical significances.
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Supplemental Fig. 28 Monitoring target engagement with CXCL12. Cells were treated in three
biological replicates with 20 nM CXCL12 or vehicle as control. (A-B) Mean melting curves in controls and
treatments of significantly affected proteins. Error bars indicate standard deviations. Selected data points
for cumulation are highlighted with dashed boxes. Treatment-induced thermal shifts and abundance

changes are indicated with statistical significances.
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Supplemental Fig. 29 Monitoring target engagement with VLDL. Cells were treated in three biological
replicates with 100 pg VLDL or vehicle as control. (A-F) Mean melting curves in controls and treatments
of significantly affected proteins. Error bars indicate standard deviations. Selected data points for
cumulation are highlighted with dashed boxes. Treatment-induced thermal shifts and abundance
changes are indicated with statistical significances.
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Supplemental Fig. 30 Monitoring target engagement with IL2RA direct mAb. Cells were treated in
three biological replicates with 20 pug IL2RA directed mAb (SAB4700360, Sigma-Aldrich) or vehicle as
control. (A) Significantly affected proteins upon treatment. Median standard deviation between replicates:
0.12. (B-D) Mean melting curves of IL2R subunits. Error bars indicate standard deviations.
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Supplemental Fig. 31 Monitoring target engagement with methotrexate. Cells were treated in three
biological replicates with 20 pM Methotrexate or vehicle as control. (A) Significantly affected proteins
upon treatment are labeled. Left half of squares indicate significant abundance changes while right half
of squares indicate significant thermal shifts. Median standard deviation between replicates: 0.11. (B-I)
Mean melting curves in controls and treatments of significantly affected proteins. Error bars indicate
standard deviations. Selected data points for cumulation are highlighted with dashed boxes. Treatment-
induced thermal shifts and abundance changes are indicated with statistical significances.
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Supplemental Fig. 32 Monitoring target engagement with IGF1 and INS. Cells were treated in three
biological replicates with 100 nM IGF1, 100 nM INS or vehicle as control. (A) Significantly affected
proteins upon IGF1 treatment are labeled. Left half of squares indicate significant abundance changes
while right half of squares indicate significant thermal shifts. Median standard deviation between
replicates: 0.19. (B) As in (A) but showing results of INS treatment. Median standard deviation between
replicates: 0.20. (C) Mean melting curves of IGF1R in IGF1-treatment experiment. Error bars indicate
standard deviations. Selected data points for cumulation are highlighted with dashed boxes. (D) as in (C)
but for INSR in INS-treatment experiment.
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Supplemental Fig. 33 Monitoring target engagement with SLC inhibitors. Cells were treated in three
biological replicates with 100 uM furosemide, 1 uM probenecid, 1 uM dipyridamole or vehicle as control.
(A) Significantly affected proteins upon furosemide treatment are labeled. Left half of squares indicate
significant abundance changes while right half of squares indicate significant thermal shifts. Median
standard deviation between replicates: 0.11. (B) As in (A) but showing results of probenecid treatment.
Median standard deviation between replicates: 0.12. (C) As in (A) but showing results of dipyridamole
treatment. Median standard deviation between replicates: 0.16. (D-F) Mean melting curves of SLC12A2 in
furosemide-treatment experiment, of SLC22A5 in probenecid-treatment experiment and of SLC29A1 in
dipyridamole-treatment experiment, respectively. Error bars indicate standard deviations.
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Supplemental Fig. 34 Monitoring target engagement with ilomastat. THP-1 cells were treated in
three biological replicates with 1 uM ilomastat or vehicle as control. (A) Significantly affected proteins
upon treatment. Median standard deviation between replicates: 0.12. (B-E) Mean melting curves of
expected ilomastat targets ADAM9, ADAM10, ADAM17 and MMP14, respectively. Error bars indicate
standard deviations. Selected data points for cumulation are highlighted with dashed boxes.
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Supplemental Fig. 35 Monitoring target engagement with nilotinib. THP-1 cells were treated in three
biological replicates with 1 uM nilotinib or vehicle as control. (A) Significantly affected proteins upon
treatment. Median standard deviation between replicates: 0.09. (B) Mean melting curves of expected
nilotinib target KIT. Error bars indicate standard deviations.
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Supplemental Fig. 36 Monitoring target engagement with WZ811. Jurkat cells were treated in three
biological replicates with 1 yM WZ811 or vehicle as control. (A) Significantly affected proteins upon
treatment. Median standard deviation between replicates: 0.13. (B) Mean melting curves of expected
WZ811 target CXCR4. Error bars indicate standard deviations.
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Supplemental Fig. 37 Monitoring effect of apoptosis-inducing compounds. Cells were treated in
three biological replicates with 1 yM staurosporine, 1 pM digitoxin, 1 uM ouabain or vehicle as control.
Respectively used cell lines are indicated (A) List of all significantly affected proteins upon treatment with
staurosporine are labeled. Left half of squares indicate significant abundance changes while right half of
squares indicate significant thermal shifts. Median standard deviation between replicates: 0.10. (B) As (A)
but showing significantly affected proteins after treatment with digitoxin. Median standard deviation
between replicates: 0.11. (C) As (A) but showing significantly affected proteins after treatment with
ouabain. Median standard deviation between replicates: 0.10
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Supplemental Fig. 38 Monitoring effect of apoptosis-inducing kinase inhibitor staurosporine. THP-
1 cells were treated in three biological replicates with 1 pM staurosporine or vehicle as control. (A-H)
Mean melting curves in controls and treatments of significantly affected proteins. Error bars indicate
standard deviations. Selected data points for cumulation are highlighted with dashed boxes. Treatment-
induced thermal shifts and abundance changes are indicated with statistical significances.
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Supplemental Fig. 39 Monitoring effect of digitoxin. Jurkat cells were treated in three biological
replicates with 1 uM digitoxin or vehicle as control. (A-H) Mean melting curves in controls and treatments
of significantly affected proteins. Error bars indicate standard deviations. Selected data points for
cumulation are highlighted with dashed boxes. Treatment-induced thermal shifts and abundance changes
are indicated with statistical significances.
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Supplemental Fig. 40 Monitoring effect of ouabain. Jurkat cells were treated in three biological
replicates with 1 pM ouabain or vehicle as control. (A-H) Mean melting curves in controls and treatments
of significantly affected proteins. Error bars indicate standard deviations. Selected data points for
cumulation are highlighted with dashed boxes. Treatment-induced thermal shifts and abundance changes
are indicated with statistical significances.
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Supplemental Fig. 41 Affected proteins during T-cell activation by CD3 and CD28 co-stimulation.
Cells were treated in four biological replicates with 20 pg anti-CD3 mAB and 20 pg anti-CD28 mAb
crosslinked with 50 pug anti-mouse mAb or vehicle as control. List of all significantly affected proteins
upon treatment. Median standard deviation between replicates: 0.18
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Supplemental Fig. 42 Monitoring T-cell activation by CD3 and CD28 co-stimulation. Cells were
treated in four biological replicates with 20 pg anti-CD3 mAB and 20 pg anti-CD28 mAb crosslinked with
50 pg anti-mouse mAb or vehicle as control. (A-L) Mean melting curves in controls and treatments of
significantly affected proteins. Error bars indicate standard deviations. Selected data points for cumulation
are highlighted with dashed boxes. Treatment-induced thermal shifts and abundance changes are
indicated with statistical significances.
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Supplemental Fig. 43 Affected proteins during hypercupremia. K562 cells were treated in three
biological replicates with 20 uM CuSOa4 or vehicle as control. List of all significantly affected proteins upon
treatment. Median standard deviation between replicates: 0.18
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Supplemental Fig. 44 Monitoring cellular stimulation by hypercupremia. K562 cells were treated in
three biological replicates with 20 pM CuSO4 or vehicle as control. (A-F) Mean melting curves in controls
and treatments of selected significantly affected proteins. Error bars indicate standard deviations.
Selected data points for cumulation are highlighted with dashed boxes. Treatment-induced thermal shifts
and abundance changes are indicated with statistical significances.
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Supplemental Fig. 45 Cell surface thermal proteome profiling for identification of HSP90-targeted
proteins. U937 cells were treated in three biological replicates for 30 min with 1 pM luminespib or
vehicle as control. Subsequently, cells were exposed to hyperthermia at 42 °C for 30 min followed by
additional 60 min at 37 °C for recovery. (A-H) Mean melting curves in controls and treatments of
significantly affected proteins. Error bars indicate standard deviations. Selected data points for
cumulation are highlighted with dashed boxes. Treatment-induced thermal shifts and abundance
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changes are indicated with statistical significances.
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Trypsin
56.5+7.8%

9%

Supplemental Fig. 46 Comparison of tryptic on-bead digestion and PNGase F elution. Comparison
of tryptic on-bead digestion and PNGase F elution based on eleven cell surface proteome mappings of
cell lines and primary cells each in two biological replicates. Samples were analyzed by LC-MS/MS on a
Q Exactive Hybrid-Quadrupole-Orbitrap mass spectrometer using a 270 min gradient. Identified proteins
in trypsin samples were filtered for PSM = 2. In PNGase F samples identified proteins were filtered for
Mascot score = 20. Venn diagram represents the average overlap of identified plasma membrane
proteins in both elution fractions. Standard deviations are indicated.
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Supplemental Fig. 47 Comparison of proteases for plasma membrane proteomics. In-silico
digestion of UniProt-annotated plasma membrane proteins with trypsin, chymotrypsin, LysC, AspN, GIuC
and ArgC without missed cleavages. MS-compatible peptides were defined as peptides with a length
between 7 and 35 amino acids. (A) Average number of MS-compatible peptides generated by the
proteases. (B) Average theoretical protein sequence coverage with MS-compatible peptides generated by
the proteases.
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Supplemental Fig. 48 Overall identified plasma membrane proteins in CSTPP experiments.
Number of all identified plasma membrane proteins with good quantification (qusm = 3, qupm = 2) in 34
individual CSTPP experiments grouped according to their annotated molecular function (UniProt).
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Supplemental Fig. 49 Comparison of absolute integrin abundances in K562 cells. Comparison of
mslintensity-based total abundances for ITGB1, ITGB3 and ITGB5 relative to ITGAV. Hypothesized
contribution of respective beta subunits to the formation of functional RGD-binding integrin complexes
relative to the alpha subunit are indicated.
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