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1 Abstract

Cellular information flow is facilitated by sophisticated molecular networks comprised primarily of
proteins. Biological signals are communicated by dynamic network rearrangements induced by covalent
and frequently reversible protein modifications, as well as by interactions between various protein sets.
While precise orchestration of these signaling networks is required for cell-type and context-specific tasks,
their dysregulation is frequently associated with disease, as signal transmission can become inefficient,
overshooting, or misdirected. However, the interplay of protein modification and interaction in immune
signaling remains poorly understood. Experimental methodologies that reflect the fundamental principles
of dynamic signaling network assembly are thus critical for establishing causal relationships between
cellular phenotypes and developing tactics for targeted interference. Proteomics based on mass
spectrometry has evolved into a versatile method for addressing a wide variety of problems. Apart from
investigating the expression of proteins, mass-spectrometry can decode protein-protein interaction

networks and detect chemical modifications of proteins.

Throughout my Ph.D. | focused on dynamic protein-protein interactions and post-translational changes in
immune cells. | developed and employed affinity enrichment followed by mass spectrometry (AE-LC-
MS/MS) to investigate the dynamic interaction between PPls and PTMs of 19 bait proteins in response to
TLR activation or drug perturbation. | was able to functionally evaluate novel PPls and PTMs regulating
NFkB activation. | also studied proteolysis of signal peptides in human and murine tissues by establishing
a proteomic meta-analysis workflow. Thereby, | provide mass spectral evidences for signal-peptide
cleavages and was able to double the currently experimentally confirmed signal peptide cleavage sites.
Additionally, | devised a detailed step-by-step protocol for analyzing secretomes by proteomics and
collaborated in two projects examining the secretomes of pyroptosis and TNF-induced necroptosis,
respectively. In an additional collaboration, | investigated the influence of arginine on the metabolism and
development of multinuclear giant cells with a multi-omics approach involving transcriptomics,

proteomics, and metabolomics.
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2 Introduction

2.1  Mass Spectrometry (MS)- based proteomics
Proteins are the ultimate executors of genetic information, orchestrating cellular processes. They are

translated from mRNA, which is transcribed from DNA. Whole-genome sequencing efforts of the human
genome have uncovered more than 20 000 protein-coding genes [1]. Co-transcriptional and co-

translational processes lead to the emergence of more than 6 million estimated proteoforms [2-5],

Mass spectrometry-based proteomics investigates the proteome — the entirety of expressed proteins at
a specific time and location. Recent breakthroughs in MS-based proteomics workflows, instrumentation
and analyses enable the detection, identification, and relative or absolute quantification of thousands of
proteins in a single experiment. Detailed proteomic abundance atlases of human tissues have delivered
spectral evidence for over 13 000 proteins [6]. Approximately 90% of the human proteome has been

discovered to date, leaving 10% of proteins unidentified [7].

2.1.1 Bottom-up and top-down proteomics
Two major MS-based proteomic strategies are utilized to characterize proteins comprehensively. These

approaches are referred to as top-down or bottom-up proteomics. Bottom-up protein analysis examines
peptides derived from proteins via experimental proteolysis - also termed shotgun proteomics [8-10].
Bottom-up techniques begin with the extraction of proteins from biological material (e.g., tissues or cells)
and their proteolytic digestion into small pieces for effective fragmentation by proteases (e.g., Trypsin,
Lys-C) [11]. The resulting complex peptide mixtures are separated by reversed phased high-pressure liquid
chromatography (HPLC) based on hydrophobicity and coupled online to a mass spectrometer. The
technique is widely used in many proteomic studies, and there are several bioinformatic tools for data
interpretation, including identification and quantification [10]. Sample preparation, liquid
chromatography, and mass spectrometry technology have evolved dramatically in recent years, enabling

proteomic analysis of minute sample quantities and paving the way for single-cell proteomics [12].
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Figure 1: A schematic approach for the bottom-up and top-down characterization and identification of proteins using mass
spectrometry. Adapted from [13].

Top-down proteomics studies proteins in their native state and is the ideal technique for delineating
unambiguous, and proteoform resolved molecular information. Analyses can be carried out under both
denaturing [14] and native conditions [15]. Often, pre-analysis enrichment of proteins of interest is
conducted [16-18], however global proteoform characterizations in conjunction with high-resolution
front-end protein separation are also being developed [19]. Top-down proteomics is currently applied for
large biomolecule therapeutics and diagnostics like antibodies, but due to advancements in sample prep,
protein separation and instrumentation may be a future avenue for the discovery of novel biomarkers

and disease mechanisms [20].



2.1.2  Sample preparation for shotgun proteomics
Methods for sample preparation that are robust and reproducible are critical for any shotgun proteomics

experiment. Before LC-MS, sample preparation for label-free proteomics workflows includes cell/tissue
lysis, protein denaturation, cysteine reduction and alkylation, proteolytic digestion and desalting, and
removal of interferences (e.g., detergents, salts, chemicals, lipids, metabolites). Many protocols exist and

frequently vary according to the research question.

Fully denaturing techniques with ionic or chaotropic detergents (SDC, SDS, Urea, or Guanidinium Chloride)
are frequently used to homogenize and extract proteins from biological samples efficiently. Native cell
lysis (freeze-thawing, bead-milling, cell-cracking, low concentrations of non-ionic, weak detergents like
NP-40) is used for interaction proteomics, co-fractionation studies, or spatial proteomics experiments
when intact protein complexes are of interest. In addition, native lysis is used in conjunction with pan
protease inhibitors to avoid proteolysis during the lysis and subsequent affinity purification processes.
While cytosolic proteins are easily examined using native interaction proteomics processes, membrane
proteins require specific detergents such as the non-ionic glycoside detergents DDM or DDM/CHS [21].
Notably, detergent-assisted lysis is frequently combined with sonication to aid in the mechanical

solubilization of proteins, cell lysis, and shearing of genomic DNA.

Cysteine reduction and alkylation are used in practically every proteomic experiment to disrupt disulfide
links, facilitate protease access, and prevent disulfide bond reassembly — excluded are, e.g., studies on
cysteine modifications [22]. Dithiothreitol (DTT) [23] and tris(2-carboxyethyl)phosphine (TCEP) [24] are
two commonly used chemical agents for cystin reduction. Alkylating agents are iodoacetamide (IAA) or
chloroacetamide (CAA), leading to the covalent modification of cysteine thiol groups by

carbamidomethylation.

Most frequently proteins are digested using endoproteinase Lys-C and trypsin resulting in basic amino
acids (Lysine, Arginine) at the C-terminus of each peptide. Thereby, double-charged peptide species at
both the N- and C-termini under acidic HPLC conditions are generated. On average, Trypsin-generated
peptides are ten amino acids in length [11]. Because some of the peptides formed by Trypsin/Lys-C are
either too short or too long for efficient MS analysis and data-analysis, additional proteases such as AspN,

LysN, ArgC, GluC, or chymotrypsin can be used to increase sequence coverage [25].

Interfering chemicals such as detergents, salts, lipids, metabolites, DNA, and polysaccharides are removed
from samples before proteomics analysis. A milestone in the field was the development of a microcolumn

tip-based micro purification system termed Stop and Go Extraction (StageTips), which is based on solid-
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phase extraction with reversed-phase material (octadecyl carbon chain - C18) [26]. Further developments
and optimization of reproducibility and adaptability in sample preparation resulted in the invention of the
'in-Stage-Tip' (iST) workflow [27], in which the entire sample preparation can be completed in a single
vessel using the mild detergent SDC in combination with the solid-phase extraction material
Styroldivinylbenzol — Reversed-Phase Sulfonate (SDB-RPS). Another single-vessel sample preparation
method (SP3) that is suitable with liquid handling robots is based on carboxyl-coated paramagnetic
nanoparticles that enable the use of powerful detergents (e.g., SDS) by allowing for washing steps with
organic solvents[28]. MStern is another high-throughput sample preparation approach that uses

polyvinylidene fluoride (PVDF) membranes and is suited for processing extremely dilute samples [29].

Materials can be pre-fractionated online or offline before MS analysis, to obtain a more comprehensive
proteome coverage. Pre-fractionation techniques include strong anion exchange (SAX) and strong cation
exchange (SCX), both of which have a high degree of orthogonality with reversed-phase chromatography
[9, 30, 31]. In addition, separation on polarity (HILIC) and hydrophobicity (ERLIC) are often employed for
pre-fractionating phosphopeptides [32]. Offline high pH reversed-phase separation combined with
fraction concatenation leads to high orthogonality of online acidic reversed-phase chromatography. While
fractionation is time-consuming and requires a high protein starting material, a fully automated
fractionator dubbed the "loss-less nano spider" fractionator based on high pH fractionation has been
invented [33]. This fractionator automatically concatenates dissimilar fractions to obtain complete

chromatograms [34].

2.1.3 Liquid chromatography
Chromatographic separation of complete proteome samples, containing thousands of unique peptides, is

required for maximum peptide identification by proteomics. The fundamental premise of the LC
separation of peptides is their affinity for a stationary material (column) and a mobile phase (solvent
gradient elution). Due to its high resolving power (peak capacity), reproducibility, and resilience, reversed-
phase HPLC is utilized to separate peptide mixtures in the majority of bottom-up proteomics research
[35]. The mass spectrometer is often operated in positive mode, necessitating positively charged peptide
species as analytes. Thus, in reverse phase chromatography, peptides are initially loaded onto the
stationary phase (C-18 silica) using their affinity for the stationary material due to coulomb or hydrophobic
contact at acidic pH. The solubility of peptides is gradually enhanced by increasing the amount of organic
solvent (acetonitrile), and they are eluted from the column into the mass spectrometer. The number of

detected peptides increases linearly with the liquid chromatography’s peak capacity and resolving power



[36]. Column length, column diameter, column filling, and gradient length affect the resolution of
chromatographic separation. Significant improvements in resolution, speed and sensitivity were achieved
by using long columns filled with small silica particles (1.7 um in diameter) and operated at extremely high
pressures (up to 1000 bar) [37, 38]. By lowering the backpressure created by long columns and small
particle sizes, column heating devices contribute to future advancements in chromatographic

performance [39].

2.1.4  MS Analysis: Instrumentation
New high-performance instrumentation that provides both high resolution and high mass measurement

accuracies for MS1 and MS2 levels has resulted from major developments over the last decade. A mass

spectrometer is typically composed of an ion source, a mass analyzer, and a detector.

Electrospray ionization (ESI) is by far the most frequently used technology for ionizing analytes (peptides
or proteins) [40, 41]. First, the dissolved analytes eluting from the capillary column are subjected to a high
voltage. Then, a strong electrical field is used to transfer the analytes to gas phase in the electrospray ion
source. Another ionization technique is matrix aided laser desorption ionization (MALDI), which uses a
laser beam to vaporize dry analytes embedded in a matrix [42]. All measurements in this thesis were
carried out on Thermo Fisher Scientific Orbitrap mass spectrometers, which include Q Exactive HF, Q

Exactive HF-X and Exploris.

2.1.4.1 Mass analyzers
There are different kinds of mass analyzers frequently used in proteomics investigations: Quadrupole

mass analyzers, lon trap analyzers, time-of-flight, FT-ICR and orbitrap mass analyzers. They ensure
sensitivity, mass resolution, mass accuracy, and high quality MS/MS spectra [43]. In my projects, orbitrap

mass analyzers were employed.

Quadrupole mass analyzers can differentiate between and filter ions of a certain m/z. They contain four
cylindrical or hyperbolic rods (quadrupole) inside a vacuum chamber. A radio frequency (RF) and directed

current (DC) allow only ions of a certain m/z to pass through the quadrupole in a stable trajectory [44].

lon trap analyzers accumulate or “trap” ions of a selected mass range for some time before MS or MS/MS
analysis commences. 2D linear ion traps, and 3D ion traps are also termed Paul Trap [45]. In 3D traps, ions
are trapped between hyperbolic ring electrodes and hyperbolic electrode plates by an oscillating RF field
and a superimposed DC electric field. Selective ejection of specific ions is achieved by varying the RF

potential. Linear traps are similar to quadrupoles, but a potential field is applied to the end of the rods to
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trap the ions. This ion trapping can lead to increased sensitivity; however, ion trap mass analyzers suffer

from low resolving power (single unit mass resolution).

In TOF instruments, ions are accelerated and separated based on the time to travel through a field-free
region, correlating to their m/z [46]. Mass is strictly a function of the time between initial acceleration and
detection (time-of-flight), as the kinetic energy and the length of the flight tube remain constant. TOF
analyzers can analyze small and big ions (ranging from few Da- 100 kDa) due to high ion transmission

efficiencies.

The FT-ICR measures the cyclotron frequency of ions in a fixed magnetic field to reveal m/z [47]. lons are
caught in a Penning trap, similar to the 3D trap but with a magnetic instead of an electrical field. Thereby,
the ions circle in a plane perpendicular to the magnetic field. Upon coherent excitation with a broadband
RF field ions are raised to a higher cyclotron orbit [48]. Receiver plates detect the ions, and their intensity
and time signal is converted into a frequency spectrum via Fourier transformation. Thus, the ion m/z is

directly proportional to the cyclotron frequency.

In the orbitrap mass analyzers — a type of an ion-trap mass analyzer - ions are induced by an electrical
field to oscillate in a trap. Fourier transformation converts the signal of the oscillating ions from time to
frequency [49, 50]. The orbitrap mass analyzer is built from an inner spindle electrode covered by two
hollow outer concave electrodes. Between the inner and outer electrodes, a linear electric field is
generated by a voltage potential. lons enter the orbitrap through a hole in one of the outer electrodes
and start axial harmonical oscillation, influenced by the conical shape of the electrodes, the electrical field,
and the tangential velocity of the ions, which creates opposing centrifugal forces. The outer electrodes
detect the oscillating ions, and the signal is transformed to the frequency domain (axial harmonic
frequency) by Fourier transformation, which is proportional to m/z. Due to their high mass resolution and

versatility, orbitrap mass analyzers are broadly employed in proteomics.

2.1.5 Fragmentation techniques
The mass of intact peptides as determined by the MS1 scan is insufficient to unambiguously identify

peptides, much less to detect and locate PTMs. Therefore, the complete peptide (precursor ion) is
fragmented into product ions (MS/MS or MS2) to determine the amino acid sequence and position. The
target precursor ions are selected within a certain m/z range, fragmented, and the mass of the fragment
ions is determined [51]. The following MS/MS fragmentation modes are frequently employed in
proteomics experiments: Collision-induced dissociation (CID) and higher-energy collisional dissociation

(HCD) fragment peptides at the peptide bonds, generating b, a, and c-ions from the peptide's N-terminus,
11



andy, x, and z-ions from the peptide's C-terminus [52]. Fragmentation occurs when precursor ions collide

with an inert gas (He, Nz or Ar).
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Figure 2: Fragmentation of peptides forms different ion species. b and y type ions are generated by CID/ HCD, while c- and z-type
ions are generated by ETD.

2.1.6 Acquisition methods
Shotgun proteomics is often performed using discovery-driven data-dependent acquisition (DDA)

techniques, in which peptides are fragmented based on their signal intensity. In my thesis, | used DDA as
an acquisition method, predominantly. In DDA, the mass (m/z) of eluting peptides is determined using a
survey scan (MS1, full scan), and the N most abundant precursor ions are selected for subsequent
fragmentation (MS2), yielding fragment-ion spectra. Chromatographic elution of peptides in long
gradients takes longer than a survey scan plus MS/MS scan, and accordingly numerous MS2 scans can
follow a single MS survey scan to achieve sequencing of a maximum number of precursors. A dynamic
exclusion window is set to the median elution time for the scanned peptides to prevent resequencing of
the same peptide. Due to the semi-stochastic nature of intensity-driven precursor selection in DDA,
identifications can be difficult to reproduce across large datasets containing highly complex mixtures, such
as full-proteomes — typically for low abundance peptides. Match-between-runs — a MaxQuant technique
for enhancing peptide identification and quantification — permits the transfer of MS/MS data between
samples by aligning retention times and MS1 features. Due to increase in scan speed and resolution of
modern mass spectrometers, data-independent acquisition (DIA) has gained appeal in recent years for
discovery-driven proteomics [53, 54]. While DDA techniques pick a predetermined number of precursors,
DIA simultaneously fragments all precursor ions within a given time window (broadband DIA) or mass
window [55]. Co-eluting peptides within a particular mass window are co-fragmented, resulting in highly
convoluted MS2 spectra [56]. Compared to DDA, higher levels of data completeness (fewer missing
values), accuracy, and identification rates can be achieved [57, 58]. Spectral interpretations of DIA relies

on sophisticated software solutions and pre-recorded or in silico high-quality spectrum libraries [57].

12



2.1.7 Protein identification via database searches and de novo sequencing
Protein identification relies on the interpretation of high resolution MS1 and MS2 spectra of the

corresponding peptides. Peptide database search engines such as the commercial Mascot [59] and open-
source Andromeda [60] are used for automated spectra identification. An in silico digest of all proteins of
the studied organism is used as the reference to match observed and theoretical MS2 spectra with the
MS1 mass as a constraint. The matches are evaluated with a probability-based scoring model, assessing
the chance of theoretical and measured matches occurring randomly [61]. In MaxQuant [62], the quality
of peptide spectrum (PSMs) matches is further scored by the posterior error probability (PEP), which is a
measure of peptide length, charge, number of PTMs, and missed cleavages, and the Andromeda score.
The estimation and control of false-positive identifications are conducted on the level of peptide-
spectrum matches and protein group level in a target-decoy search strategy [63], which often employs a
reverse database and enables calculating the false-discovery rate (FDR), which is usually set to 1%. It has
been discussed that increasing the search space -e.g., by searching multiple genomes or PTMs - counter-
intuitively leads to lower identification rates because of the higher probability of retrieving false -positives
[64]. As MS/MS spectra can be convoluted and contain co-eluting peptides, MaxQuant enables the search
of signals resulting from co-fragmenting additional precursors — termed “second peptide” search [60].
Finally, peptides are assembled to proteins with an FDR control based on protein-level PEPs — a product
of the individual peptide PEP [60]. Peptides can be unique for proteins or shared between different
proteins — for example, if several protein isoforms are present in the sample. The shared non-unique
peptides — termed “razor peptides” - are attributed to the protein with the highest number of shared

peptides following the principle of Occam's razor.

High-resolution spectral data from state-of-the-art MS instruments also paves the way to de novo
sequencing, a database-independent strategy of spectrum identification [65]. The peptide amino acid
sequences are directly inferred from MS/MS spectra. In the case of proteome analyses of less-well
characterized model systems [66], microbial communities [67], splice-variants [68], mutations, and novel
PTMs or multiple PTM searches [69], the prospect of de novo sequencing is alluring. The de novo
technique is compelling for the assembly of full-length monoclonal antibodies [70, 71]. The computational
tools for conducting de novo searches have improved significantly over the last few years. Instead of
performing brute-force exhaustive searches [72] with all possible peptide sequences corresponding to the
precursor mass, sub-sequencing methods [73, 74] and graph-based models [75, 76] with vertices
corresponding to fragment ion peaks and edges to mass-differences between peaks [77] have gained in
popularity. Even though many software solutions for de novo sequencing exist (i.e., PepNovo [78],

13



pNovo+[79], Novor [80], and the commercial PEAKS [81]), the technique has been used less than database
searches so far. | have applied PEAKS (taggraph) to perform global PTM searches on both bait and
interactor proteins in the MIP-MS project. In comparison to database-centric searches the de novo

algorithms turned out to be less sensitive in identifying and quantifying specific PTMs.

2.1.8 Protein quantification
Unravelling function and dynamics of biological systems is catalyzed by the advent of quantitative

proteomics experiments [82]. The main challenge is that peptide intensities measured by MS-instruments
do not directly correlate with the peptide abundance in the biological specimen, as the molecular
composition impacts ionization efficiency. However, both label-free and isotope-label-based quantitation
methods have been developed to study differential protein expression within large dynamic ranges (1-10°
or 10° and up to 10%in plasma [83]). Experiments are often desighed to determine protein abundance
differences between conditions, e.g., genotypes, and drug treatments. To quantify proteins, both relative

and absolute quantification can be performed.

2.1.8.1 Chemical and metabolic labeling strategies
Metabolic labeling requires cell lines to be cultured in medium with enriched stable isotopes. Stable

Isotope labeling by amino acids in cell culture (SILAC) leads to the incorporation of “heavy” amino acids
(often Arginine or Lysine with 13C, 15N, 2H) into the proteome [84, 85]. Also, whole organisms - e.g., mice
[86], flies [87], plants [88] - have been reported to be SILAC labeled. SILAC labeling leads to a specific mass
shift of the heavy compared to the light population. The multiplexing capability of SILAC is limited to the
comparison of 3 conditions. Due to the mass-difference introduced by the isotopes, the quantification
occurs at the survey scan level (MS1 level), where the intensity difference between each SILAC peptide
pair is used as a measure for protein abundance difference [89]. Differential PTM analyses have also been
performed with SILAC strategies [90, 91]. However, increased spectral complexity at the MS1 level due to
individual precursors for isotope and non-isotope labeled peptides leads to lower numbers of identified
peptides. As SILAC benefits from complete metabolic incorporation of isotope-labelled amino acids,
analysis of primary, non-dividing tissues remains challenging. To address this issue and remove the time-
consuming labeling step, entire labeled proteomes (super SILAC, [92]) or specific SILAC-labelled protein
epitope signature tags (PrESTs, [93]) to use as spike-in standards have been invented. Targeted
quantification strategies for absolute quantification of specific proteins involve the synthesis of peptides
of interest with stable isotopes (AQUA [94, 95]) or the digest of artificial proteins (QconCAT [96]) to be

added as an internal standard. Absolute quantification can be achieved by calculating the ratio between
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the endogenous peptide and the internal standard with a known amount, but it is still limited to few

proteins per sample.

Chemical labeling incorporates stable isotopes at the peptide level post digestion. Thereby, it can be
readily used for primary cells or body fluids and tissues. Tandem Mass Tags (TMT) [97] or isobaric tags for
relative absolute quantitation (iTRAQ) [98] are designed on the principle that isobaric labels are
fragmented to generate so-called reporter ions in the low mass range, that can be accurately quantified.
The labels often contain an amine-reactive NHS-group readily reacting with the N-Terminus and Lysines
of peptides, a fragmentable chemical moiety, and a mass normalization. HCD [99-102], ETD [103] or CID
[104, 105] is required for inducing linker fragmentation. TMT reagents with different isotope
incorporations (13C, 15N) allow multiplexing of six [106] and even ten [107] samples per single
experiment. However, high precision by isobaric tagging is accompanied by imperfect accuracy due to a
systematic underestimation of ratios by co-fragmenting ions within the isolation window of the targeted
precursor [108, 109]. Running an additional isolation and fragmentation cycle (MS3) has been suggested
to eliminate the ratio compression problem [110]. Other isobaric tag strategies with more labile linkers
have shown that quantitation of the labeled peptide (complementary reporter ions) instead of the

reporter circumvents the ratio distortion, as well [111].

2.1.8.2 Label free quantitative proteomics
LFQ approaches are broadly applied and very popular and have been mainly used in my thesis. They are

characterized by a relatively easy experimental setup and low cost compared to labeling strategies. LFQ
has been performed by spectral counting or intensity-based methods. Instead of being confined to
multiplexing capabilities of chemical or metabolic strategies, LFQ approaches theoretically allow the
comparison of unlimited number of conditions. Indeed, higher number of protein identifications are often
observed in LFQ experiments [112]. Importantly, additional sample preparation steps that are often
required for chemical labelling strategies can introduce variation into the samples [113] and lead to the
loss of proteins [114]. However, as single samples are compared across different LC-MS/MS runs, data
quality can suffer from non-robust sample preparation, LC-performance issues and the stochastic

sequencing by data-dependent acquisition methods.

Intensity-based label-free quantitation is grounded on the precursor signal intensity extracted from the
extracted ion chromatogram (XIC). Similar to spectral counts, the intensity is also correlating with the
initial protein abundance [115]. For intensity calculation either the peak height or area under the curve at

specific retention times are employed.
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2.2 Interaction proteomics
Protein function is often determined by their interaction with other proteins and also post translational

modification status. To understand how signaling networks are orchestrated, knowledge on protein
complexes composition is critical, as “no protein is an island entire of itself” [116]. To study protein-
protein-interactions many techniques have been developed, including yeast two-hybrid (Y2H) [117, 118],
protein-fragment complementation assay (PCA) [119], LUMIER [120] and FRET [121]. Mass spectrometry-
based methods for the characterization of protein-protein interactions have advanced considerably over
the last two decades. Qualitative approaches analyze the basal protein-protein interactions to elucidate
protein-protein interaction networks, while quantitative approaches analyze interaction dynamics across

different biological conditions [122].

Protein extract

e
) o 4y e ST

ffinity matrix

Séc‘ \’6(\I 5

Specific Interactors
Background Enzymatic digesion
LC-MS/MS
\ 4
2z
(%]
ot
[}
Protein «——— =
Identification ‘ ‘
|| |‘|| h
m/z

Figure 3: The pull-down-MS assay procedure is depicted schematically. Adapted from [123].

A long-standing and broadly used method to study PPls is Affinity purification mass spectrometry (AP-
MS). Here, proteins of interest in the soluble phase are captured by affinity matrix composed of an
immobilized ligand on a solid support (agarose or magnetic beads). Ligands can be either antibodies raised
against endogenous proteins of interest or against epitope tags, which requires prior expression — often
overexpression — of tagged proteins. Purified proteins and complexes are directly subjected to LC-MS/MS
analysis to unbiasedly identify and quantify their interactome — all interacting proteins in a protein

complex. Due to the type of ligand, solid phase material, stringency of washes, background binding
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proteins are co-enriched with protein complexes of interest. Historically, methods have tried to limit the
background binding proteins to an absolute minimum by employing tandem purification strategies.
However, newer concepts implemented the idea of affinity-enrichment MS, where quantitative MS is
used to discriminate between background and protein complex members [124]. In my thesis, | have
employed AE-MS to study the interactome of proteins involved in immune signaling in human immune

cells.

2.2.1  AP-MS with antibodies raised against endogenous proteins
Focus on the endogenous protein is the main benefit of using antibodies directly raised against proteins

of interest. Multiple isoforms can be studied, simultaneously, while there would be the need of individual
experiments with epitope-tagging approaches. Both monoclonal and polyclonal antibodies have been
used for AP-MS experiments, and also synthetic antibody-like molecules have been employed [125]. There
are several challenges when working with protein specific antibodies: (1) High quality antibodies are often
not available and generating specific antibodies of high quality is often associated with significant costs.
(2) Antibodies may interrupt protein-protein interactions, if antibody epitopes are situated in protein-
regions important for interactions. (3) As antibodies have varying affinity and specificities, affinity-
purification conditions need to be adjusted with every experiment. (4) False positive interactors may be
detected, as controls including isotype-matched antibodies against unrelated proteins or pre-immune
serum are often lacking, especially due to the cross-reactivity of many antibodies. Reasonable controls for
antibody specificity are knockout animals or knock-out/ knock-down cell-lines for the bait protein of
interest [126]. Alternatively, multiple antibodies targeting different epitopes on the protein of interest
can also reduce the number of false positives due to antibody cross-reactivity [127]. Especially for cell-
lines or tissues, but also when the same protein of interest is compared against multiple cell-types or

conditions, antibody-based AP-MS is a powerful technique [128].

2.2.2  AP-MS with epitope tags
Proteins can be fused to an epitope tag, that can be used for affinity purification. Here, the open reading

frame (ORF) of a protein of interest is either C- or N-terminally appended by the sequence of the epitope
tag, resulting in fusion proteins with affinity handles for subsequent affinity purification. In rare examples
where N- or C-termini are presumably sterically hidden in bigger complexes, epitope tags have also been
inserted in the middle of proteins [129]. One of the major advantages of epitope-based AP-MS is using
the same epitope tag (and thereby also affinity matrix) to purify multiple proteins. This transferability of
the enrichment strategy between different pulldowns allows for streamlined controls due to similar

background binding proteins and opens the possibility to high-throughput interactome studies. Many
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different tags including peptide tags (small) and protein tags (big) have been described for AP-MS
experiments (see Table 1: Affinity tags for AP-MS experiments). Also, tandem affinity tags have been
described: they allow the purification of proteins of interest with several rounds of purification using
different affinity moieties. For our study, we have chosen the His-tag in conjunction with an IMAC resin,
due to the following reasons: (1) His-Tag is a small peptide tag; (2) The affinity matrix for His-tag
enrichments is not proteinogenic, thereby on-bead digests after affinity purification is possible.
Proteinogenic matrices like antibodies or streptavidin might lead to masking of interactors due to their
high abundance as matrix proteins (3); The very stable His-IMAC complex binding also allows for
denaturing and very stringent affinity washing procedures. (4) The IMAC affinity matrix is economically
the cheapest choice. Further, we have compared His-IMAC to gold-standard AP-MS approaches like Strep-
tag and Flag-tag and have found similar results in terms of interacting proteins identified, bait protein

sequence coverage and total bait protein intensity.

Table 1: Affinity tags for AP-MS experiments

Tag Sequence/ MW Affinity resin Original reference
Peptide tags

c-myc EQKLISEEDL Anti-c-myc (9E10) [130]

FLAG DYKDDDDK Anti-FLAG (M1, M2, M5) [131]

HA YPYDVPDYA Anti-HA (12CA5) [132]

His-Tag HHHHHH Ni**/Co®*-NTA/CMA [133]

Strep-tag Il WSHPQFEK Streptavidin [134]

Protein tags

GST 26 kDa Glutathione [135]
GFP 26.9 kDa Anti-GFP [136]
Protein A 45 kDa IgG [137]

Adapted from: [128]

An important factor to consider in every epitope-tagging approach, is the required over-expression of
exogenous fusion proteins which can be achieved either by transfection or viral transduction. Transfection
strategies are leading to transient cell-lines and are often limited to standard model cell-lines like HEK293T

or HelA cell-lines. Viral transduction results in stable cell-lines and is also applicable to non-dividing
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primary cells and non-standard cell-lines. However, in such experiments the exogenous protein expression
is neither under the control of the endogenous promoter, nor are introns or untranscribed regions (3’ or
5’ UTRs) involved in the expression regulation. Accordingly, major disadvantages of exogenous protein
overexpression are potential effects on protein folding, protein localization and protein regulation.
Additionally, due to overexpression, proteome expression differences compared to wildtype cells have
been observed [138]. Whenever proteins are exogenously expressed, a total proteome analysis is valuable
to control for possible expression differences in transgenic cell-lines. Several concepts have been devised
in the past to limit false-positive or false-negative interactor calling in experiments involving AP-MS with
tagged bait proteins [139-141]: (1) Weak overexpression of proteins of interest under weak promoters
[142-145]. (2) Protein expression induction by inducible promoters (i.e., Tetracyclin inducible promoters)
[146-148] in combination with single-genome integration of the epitope-tagged gene of interest via the
Flp-In system [149]. (3) Bacterial artificial chromosomes (BACs) contain the native gene architecture with
most regulatory elements to enable close to endogenous epitope-tagged protein expression [150, 151].
This versatile system has been used in whole proteome covering interactome studies [152]. (4) With the
advent of gene-editing technologies like CRISPR and the recently described prime-editing methods, true
endogenous gene epitope-tagging has been achieved with relatively little effort and high efficiency [153]:
it consists of a prime editing guide RNA (pegRNA) and a prime editor (PE) to edit — either by inserting of

deleting — the gene of interest employing both a Cas9 nickase and a reverse transcriptase, in concert.

2.2.3 Interactor calling in AP-MS

Even though affinity purification in theory only enriches protein complexes of interest, many additional
background proteins are also co-enriched. This is due to non-specific interaction of proteins with the
antibody, streptavidin (e.g., in vivo biotinylated proteins) or IMAC (proteins containing multiple His in
adjacency) or also unspecific binding to the bead material (e.g., agarose, sepharose, magnetic beads).
Additionally, background proteins are highly organism, tissue and even cell-type specific. In the past,
different strategies to discriminate between true interactors and background proteins have been
employed: Pre-MS-analysis reduction of background proteins (biochemical) or post-MS-analysis reduction

of contaminants (bioinformatic).

Biochemical reduction of contaminants: Stringent washing steps with high concentrations of salt and
detergent can reduce the background-bound proteome, which can result in not identifying weaker and

more transient interactions [154]. Considering shorter purification times and low amounts of affinity
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matrix also reduces non-specific interactors [155-157]. Additionally, purifying proteins with multiple
purification steps via tandem affinity purification (TAP, [158]) has been successfully applied in many
organisms, including yeast [159, 160] and mammalian cells [161-163] . In TAP, the non-specifically binding
proteins from the first AP round can be removed by a second round of AP employing different affinities
and affinity matrices. Nevertheless, even the most stringent protocol might still lead to enrichment of

background proteins, highlighting the use of proper controls.

Bioinformatic reduction of contaminants post MS analysis: MS based proteomics delivers quantitative
information on proteins in a sample. Accordingly, a true interactor will be enriched over all the bait-
specific enrichment fractions, while the background remains unchanged. Many computational
approaches have been established both for label-free and metabolic/chemical labelling datasets, to
distinguish between bait/ interactors and background binding proteins. The simplest, but also most
erroro-prone solution is fixing an enrichment threshold for putative interactors. Standard statistical tests
in combination with threshold enrichment like QUBIC [124, 151, 152], probabilistic approaches like
CompPASS [142, 145, 164] or SAINT [165] have been used successfully for identifying significant
interactors. In addition, the Contaminant Repository for Affinity Purification (CRAPome) built on the SAINT
algorithm describes common false-positive interactors in a cell-type and enrichment strategy dependent

manner [166].

2.2.4 New approaches for identification of protein-protein interactions
While static interactions can be described very reliably with AP-MS approaches, the more dynamic or

transient interactions are harder to capture. Many factors such as PTMs, conformational changes
influence the stability of PPIs [167]. With AP-MS as ex vivo approaches, especially time of purification
experiment, the dilution effect during lysis procedures, stringency including salt and detergent conditions
and temperature can influence the achieved results [123]. Time-controlled SILAC experiments have been
employed to comprehensively describe transient versus static interactions via AP-MS: SILAC labelled and
non-labelled samples are mixed before purification, allowing transient interactors to switch between light
and heavy forms [168]. In my project, | have studied transient PPls in response to TLR activation in human
immune cells with an AP-MS method. Other strategies to study transient interactions including stabilizing

PPIs with crosslinking approaches and proximity dependent labelling are described below.

Cross-linking mass spectrometry (XL-MS): To stabilize transient PPIs, cross-linking approaches [169]

either based on formaldehyde [170-172], photo-inducible amino acids [173] or NHS-chemistry (i.e., DSP)
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[174] have been described. These crosslinkers consist of two reactive groups separated by spacer arms of
defined length [175], which can either lead to crosslinks between two spatially close proteins, between
reactive amino acids within the same protein. Crosslinking has been used together with AP-MS in targeted
approaches, where interactions of a particular protein are of interest [176]. However, also in global
interactome studies, XL-MS has been employed. The main challenge of cross-linking mass spectrometry

(XL-MS) involves the deconvolution of the heterogenous samples, as cross-linked peptides result in

Proximity dependent labelling (PDL): Recently, proximity dependent labeling (PDL) methods have
emerged, identifying potential interactors dependent on spatial proximity. The main methods include:
BiolD [177], Ascorbate Peroxidase (APEX) [178] and especially for membrane proteins selective proteomic
proximity labeling assay (SPPLAT- HRP based) [179] or enzyme mediated activation if radical sources
(EMRAS — HRP based) [180, 181]. In PDL, a bait protein of interest is fused i.e., to a promiscuous biotin
ligase (BirA/ BirA*) or an ascorbate peroxidase (APEX), which biotinylate neighboring proteins with
reactive biotin species. The biotinylated proteins are captured via Streptavidin affinity purification and
further subjected to LC-MS analysis to unbiasedly identify interacting proteins. Thereby, proximity

labelling approaches allow a “snapshot” of PPl rearrangements in dynamic processes [182].

2.3 Post-translational protein modifications (PTMs)
Protein modifications after protein translation can regulate protein activity by affecting protein

interaction, protein localization, protein folding and protein stability. PTMs occur in a time and localization
specific manner. Reversible and also irreversible, enzymatically catalyzed and also no-catalyzed chemical
protein modifications have been observed. Proteins can be modified by relatively small chemical groups
(e.g., phosphorylation, methylation, Acetylation), more complex molecules (e.g., glycosylation,
isoprenylation) or even small proteins (e.g., ubiquitinylation, sumoylation, isgylation). A special form of
protein modification is proteolysis that can be observed during signal peptide cleavage and | studied in
this PhD Thesis. While antibody-based approaches in combination with immunoblotting allow the study
of specific protein modifications, MS based proteomics is so far the only appropriate method to
comprehensively identify and quantify PTMs [183]. In the following section, | describe selected PTMs, that
were studied in depth by targeted (phosphorylation, Isgylation) and global approaches (proteolysis by

signal peptidases) in the course of this PhD thesis.

2.3.1 Phosphorylation
Many cellular processes are regulated by phosphorylation [184]. Protein phosphorylation is induced by

kinases and reversed by phosphatases, a tightly controlled equilibrium to modulate protein activity across
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signal transduction pathways [185, 186]. Up to 23% of intracellular adenosine-triphosphate (ATP) is used
by protein kinases for substrate phosphorylation [187, 188]. Dysregulation of protein phosphorylation can
be the origin of various diseases [189, 190] and deeper understanding of phosphorylation induces
signaling pathways might herald the discovery of novel therapeutic reagents [191]. Over 50 kinase
inhibitors - including small molecules and targeted antibodies - have been approved by clinical trials [192,

193] and attribute to the importance of generating knowledge about protein phosphorylation.
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Figure 4: Reversible phosphorylation and dephosphorylation of phosphoproteins by kinases and phosphatases.

Protein phosphorylation is catalyzed by kinases and includes the transfer of phosphate from ATP to the
hydroxyl group of serine, threonine or tyrosine [194], leading to the covalent addition of phosphate group
POs. Recently, also non-canonical phosphorylation of the amino acids histidine, aspartic acid, glutamic
acid, arginine, cysteine and lysine has been described in detail [195-197]. However, despite the
importance of protein kinases, the majority of described phosphorylation sites have no known protein
kinase or biological function [198]. To study the biological impact of phosphosites identified in global
screening approaches, the site-specific mutation of phosphorylated amino acids due to chemical similarity
has been employed in the past: to mimic constitutive phosphorylation Ser/ Thr are mutated to Asp/Glu,
while phosphorylation deficient mutants are generated by mutating to Ala, respectively. | have applied

this technique to further characterize phosphorylation sites identified on TRAF2.

In the past decade, global phosphoproteomics has advanced considerably due to new highly sensitive and
accurate MS instruments, measurement strategies, novel algorithms and software as well as progress in
sample preparation, which altogether allows the routine identification of several thousand phosphosites
in single DDA shotgun experiments [199]. Even higher coverage in combination with shorter gradients (>
20 000 phosphosites in 15 min) can be achieved by DIA based measuring methods [200]. As

phosphorylation is a substoichiometric PTM, phosphoproteomics benefits especially from robust

22



enrichment methods, which can be based either on immobilized metal affinity chromatography (IMAC:
Fe3*) [201] or metal oxide affinity chromatography (MOAC) with enhancers [202-204] — e.g., titanium
oxide (TiO,, [205]). Higher specificity for MOAC based enrichment of phosphopeptides in comparison to
non-phosphorylated peptides was achieved by addition of organic acids [206, 207]. As both IMAC and
MOAC favor serine and threonine phosphorylation, antibody dependent enrichments are employed for

global studies of tyrosine phosphorylation [208].

2.3.2 lIsgylation
Interferon stimulated gene 15 (ISG15) belongs to the protein family of ubiquitin-like modifiers [209] and

is induced by interferon to execute antiviral activity [210]. Additionally, ISG15 can be induced by multiple
other stimuli like retinoic acid, LPS and genotoxic stress [211-213]. Both intracellular and viral proteins
can be covalently modified by ISG15, by conjugating the C-terminal glycine residue of the LRLRGG motif,
that can also be found in ubiquitin, to a lysine of the target protein [214] — a process termed isgylation.
Isgylation requires the sequential action of three enzymes: an E1 (UBA7), an E2 (UBE2L6) and so far three
described E3 enzymes (HERC5/6, TRIM25, HHARI). The covalent modification with ISG15 can be reversed
by the ISG15 specific protease termed USP18 or UBP43 [215]. Isgylation of intracellular proteins has been
shown to affect trafficking and protein stability, by competing with ubiquitin [216, 217]. Additionally,
ISG15 has been reported to have antiviral roles as a free intracellular molecule through non-covalent

interactions [218, 219] and also was suggested to have extracellular functions as a cytokine [220-222].
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Figure 5: Schematic representation of protein isgylation and de-isgylation. Adapted from [223].

In typical MS-based proteomics workflows, enzymatic digestion with trypsin leads to typical peptide
remnants of two glycine residues (di-Gly) on lysine by ubiquitin/ ubiquitin-like proteins and the release of
conjugated ubiquitin/ ubiquitin-like proteins. The mass difference of 114 Da introduced by the di-Gly
adduct can be readily identified and quantified. As ubiquitinylation and also isgylation are
substoichiometric PTMs, enrichment of modified peptides is required prior to MS analysis: this is usually
achieved by employing antibodies raised against di-Gly [224-226]. However, ubiquitin-like modifications
like isgylation, neddylation, sumoylation are attributed only a small amount (< 6%) of all the observed di-
Gly remnant peptides [227]. Therefore, additional strategies are required to detect protein isgylation.
Initially, isgylation target identification was achieved by expressing ectopic tagged ISG15 expression and
affinity purification [228-230]. As we have identified ISG15 as an interaction partner of TRAF2, we have
indirectly described TRAF2 isgylation by combining TRAF2 isgylation-deficient mutation, pulldown and

GlyGly enrichment. Other global isgylome studies were conducted with the combination of GlyGly
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enrichment /sg15-deficient mice in comparison to wildtype animals and additionally knock-in of inactive
USP18 mutants, to abrogate deisgylation [231]. However, missing highly specific antibodies, global

guantitative isgylome studies are dependent on prior genomic modification.

2.3.3 Proteolysis
The hydrolysis of peptide bonds by proteases is an irreversible post-translational modification process,

that gives rise to multiple isoforms for native proteins. Proteolytic cleavage results in neo-N or neo-C
protein termini and frequently causes change in structure and function [232]. In humans, about 3% of the
human protein coding genes are estimated to be proteases, corresponding roughly to 560 potential
proteases [233]. Proteases a categorized by their catalytic mechanism into metallo, serine, cysteine,
aspartic and threonine classes [234]. Proteolysis orchestrates processes such as fertilization, tumor
metastasis, angiogenesis, cell death, aging, maturation and growth by controlling the activity of cytokines,
hormones, growth factors and other enzymes [reviewed in:235]. Hereditary diseases, developmental
complications and disease manifestations are characterized by aberrant proteolysis [236-238]. To identify
protease substrates, three major methods have been employed, including library screening (synthetic
peptide or phage display libraries), bioinformatics and proteomics approaches. As only short peptide
sequences are presented in library approaches, the influence of exosites and protein three-dimensional

structure is not accounted for in library approaches [239].

More reliable substrate identification can be achieved by proteomics approaches screening for native
substrates in intact cellular context either by triggering the activity of proteases or artificial addition of
the protease of interest to a cellular lysate. One of the challenges of protease substrate identification in
intact cellular context is the possibility of multiple substrate cleavage by diverse proteases. Thereby,
proper controls — e.g., different genotypes, specific protease inhibitors - are needed for the bona fide
discovery of specific protease substrates. Due to the low abundance of protease cleaved peptides,

identification of protease substrates is often coupled to enrichment of neo N-/C-termini peptides.

Cleavage products can be isolated either by positive [240] or negative [241] enrichment of newly formed
N-termini. Positive enrichment directly enriches N-terminal peptides and is frequently combined with
biotin-avidin affinity purification, e.g., by (1) enzymatic biotinylation of N-termini via subtiligase and
engineered mutant enzymes [242, 243] or (2) chemoselective biotinylation of a-amines of proteins [244].
Also, TMT-tagging of a-amines in combination with prior blocking of lysine residues has been described

[245]. Negative enrichment involves the removal of non-N or C-terminal peptides, thereby enriching the
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terminal peptides, also allowing the analysis of modified N-termini e.g., by acetylation or N-terminal

glutamine cyclization [246].

2.3.3.1 Signal peptide cleavage by SPP
Signal peptide peptidases (SPPs) and signal peptide peptidase-like protease (SPPLs) — presenilin

homologues - are intramembrane-cleaving proteases sharing a conserved Y/FD and GxGD motif in the
catalytic center [247, 248]. As polytopic membrane proteins, the active sites of SPPs are localized in two
adjacent transmembrane domains and induce the peptide bond hydrolysis of substrates. Experiments
including transition state analogue inhibitors and site-specific-mutation of the catalytic Asp corroborate
SPP/SPPLs are aspartyl proteases [249-251]. The physiological importance of SPP/ SPPLs is emphasized by
their conserved occurrence in eukaryotes, comprising of fungi, protozoa, plants and animals [247-249].
Five members (SPP, SPPL2a, SPPL2b, SPPL2c, and SPPL3) of the SPP/SPPL family are classified in mammals
[252], but number and also specificity of SPP/SPPLs is highly organism specific. The subcellular localization
of the individual members is differing: SPP localizes to the endoplasmic reticulum [253], SPPL3 to the Golgi
apparatus [254], SPPL2a to the endo/lysosomal compartments [255], SPPL2b to the plasma membrane
[254] and SPPL2C to the ER and ER-Golgi intermediate compartment (ERGIC) [254, 256].

Typical substrates of SPP contain signal sequence-derived signal peptides [257], however also other
substrates of SPP/ SPPLs been reported, recently: this includes type Il transmembrane proteins without

predicted signal sequences e.g., TNF-a [250] and CD74 [258, 259].

The mechanism of co-translational signal peptide cleavage is a multistep process and has not been fully
elucidated at the molecular level, yet [reviewed in:260]: protein translation is initiated in the cytoplasm
and temporarily halted or slowed by the binding of the signal recognition particle (SRP) to the emerging
signal peptide. SRP mediates the transfer of the ribosome-bound nascent protein chain to the
endoplasmic reticulum in a SRP receptor dependent manner, which leads to the transfer of the nascent
protein chain to the translocon, which possesses a so called lateral gate. As translation resumes, the N-
terminus of the signal peptide which first faces the ER-lumen, flips-turns to face the cytosol in a type I
transmembrane protein reminiscent way: this step is crucial for the signal peptide to fully move into the
lateral gate, therefore clearing the space for the elongating protein chain. At the luminal surface, the
signal peptide is cleaved of by SPP and chain elongation resumes until the STOP codon is reached, initiating
the ribosome dislocation from the ER. While the structure of the translocon is conserved through all
domains of life [261], signal peptides are comprised of variable primary structures specific for every

protein and organism.
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Signal peptides are localized at the N-terminus of nascent proteins (e.g., membrane proteins, secretory
proteins). The tripartite structure of signal sequences is defined by a cationic N-terminal region, a
hydrophobic h-region with at least six non-hydrophilic amino acids and a C-terminal region, including the
cleavage site of signal peptidases [262]. Hereditary diseases (e.g., Classic Ehlers-Danlos Syndrome [263],
Crigler-Najjar Disease [264], Hereditary Angioedema [265], etc.) with reduced protein expression are
correlated with mutations in the signal sequences, in particular an insertion of a polar amino acid into the
h-region [266]. Interestingly, signal peptide dependent control of the efficiency of protein
compartmentalization [267] and attenuation of protein translocation in response to ER stress [268] can
regulate protein expression. For example, an insertion of two amino acids in the h-region of the human
lutenizing hormone receptor (LHR) — a commonly observed genetic polymorphism — enhances the
translocation of LHR and thereby the protein abundances, which can have a negative impact on cancer

survival rates in women [269].

The prediction of signal peptides and the resulting subcellular localization has been studied deeply by
bioinformatic approaches and involves both (1) the discrimination between signal peptide containing
proteins and non-secretory proteins and (2) prediction of the actual signal peptide cleavage position to
determine the exact N-terminus of the protein [270]. Prediction algorithms have advanced with
methodological developments in the field of bioinformatics, starting out from simple statistics and weight
matrices and maturing into employing artificial neural network algorithms [271, 272], hidden Markov
models [273], support vector machines [274] and deep and recurrent ANNs [275]. Initially, distinguishing
between signal peptides and N-terminal transmembrane helices was challenging and lead to false positive
predictions from N-terminal transmembrane regions. An advanced version of SignalP [276] based on
neural network-based methods solved this issue by including two negative control datasets of (1)
cytosolic/ nuclear proteins and (2) proteins without signal peptides and transmembrane regions in the
beginning of the protein [277]. To date, the occurrence of most signal peptides is mostly predicted and
not experimentally verified (Project 2). In our project 2, we have applied meta-analysis of proteomics data

to comprehensively describe signal peptide cleavage in human and murine tissues.

2.4  Secretomics
The secretome is composed of all the components secreted by cells, tissues or organs, including

extracellular matrix proteins, enzymes, growth factors, inflammatory cytokines, exosomes, and
microvesicles [278]. Secretory proteins are fundamental for multidirectional intercellular communication

governing processes such as proliferation, growth, migration and metabolic regulation [279]. Secretory

27



proteins have a wide range of functions, from roles in the immune system to neurotransmitters in the

nervous system.

Secretomics is a subfield of proteomics studying the secretome that offers a powerful method for
identifying and quantifying proteins secreted by a sender cell population under particular biological
conditions [280, 281]. Secretome studies have been used, i.e., in the analysis of drug resistance [282],
inflammation [280, 283], extracellular matrix remodeling [284], and tumor metastasis [285-288].
Secretome research is currently dominated by unbiased label-free qualitative and quantitative proteomics
analyses based on LC-MS/MS methods, in which secretome samples are trypsin-digested either in-gel or
in-solution. Secretome processing can be done using a variety of methods other than MS, including DNA
microarray, RNA sequencing, Serial Analysis of Gene Expression (SAGE), and antibody or bead array [289].
Next to MS, another important method for secretome analysis is analysis with antibody array. Antibody
array-based secretome analysis has been used in the study of cardiovascular disease and liver cancer [290,
291]. A possible drawback of antibody arrays is the quality and specificity of the antibodies (e.g.,
recognizing highly glycosylated secreted proteins) and the limitation of comprehensiveness in comparison
to unbiased proteomics approaches. | have applied MS-based secretomics workflows in various
collaborative projects (Project 4, Project 5) and have further written a step-by-step protocol for

performing secretomics in immune cells (Project 3).

The majority of secretome studies in mammalian cells are conducted in vitro, with cells of interest first
being cultured in serum-supplemented medium to obtain a sufficient number of cells for analysis. Prior to
the start of the experiment, serum-containing medium is depleted and exchanged for serum-free
medium, as highly abundant proteins in serum would otherwise lead to MS interference. While secretome
analysis in cultured serum-containing conditioned media is possible, it necessitates comprehensive
protein or peptide fractionation [292]. Alternatively, azidohomoalanine (AHA) labeling was used for
secretome analysis from cells grown in serum supplemented with unnatural amino acids [293]. Duration
of the experiment in serum-free conditions — usually just normal culturing medium without addition of
FCS - has to be carefully assessed due to decreasing cell viability in the absence of serum [294].
Alternatively, for more challenging cells like primary cells, approaches with special serum-free medium —

i.e., medium also used for the industrial expression of antibodies — can be applied.

2.5 Biological rational: TLR signaling
Toll-like receptors (TLRs) are expressed by a variety of cell types, including macrophages, monocytes,

dendritic cells (DCs), neutrophils, natural killer cells, and fibroblasts [295, 296]. TLRs are type |
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transmembrane proteins with leucine-rich repeats (LRRs) in their ectodomains, transmembrane domains
and intracellular Toll-interleukin-1 (IL-1) receptor (TIR) domains. Microbe-associated molecular patterns
(MAMPs) produced by microbes and damage-associated molecular patterns (DAMPs) produced by dying
or wounded cells are recognized by LRRs. Adaptor molecules bind to the TIR domains to activate
downstream signaling pathways. Numerous species, most notably mammals, express the TLR family, and
thirteen distinct TLR forms have been identified. TLR1 to TLR9 are conserved between mice and humans.
However, a retroviral insertion made the TLR10 molecule inactive in mice. Humans lack TLR11, -12, and -
13. Active TLRs have a distinct localization pattern. TLR1, -2, -4, -5, -6, and -10 are expressed on the surface
of the cell, while TLR3, -7, -8, -9, -11, -12, and -13 are expressed in the endosome [297, 298]. Each TLR has
a distinct role in terms of MAMP detection and immune responses, as shown by studies on mice defective

in each TLR.

TLRs on the cell surface identify a wide range of ligands including elements of microbial membranes, such
as lipids, lipoproteins, and proteins [299]. TLR4 senses lipopolysaccharides (LPS) derived from Gram-
negative bacteria and syncytial virus envelope proteins, trypanosome glycoinositol phospholipids, and
heat shock proteins 60 and 70, S100A8 originating from dying cells [300, 301] and free fatty acids [302,
303]. Many transmembrane accessory molecules — such as CD14 and MD-2 - play a role in the activation
of TLR signaling. CD14 and MD-2 molecules recognize LPS and internalize TLR4 into endosomes, activating
the TLR4 signaling cascade via SYK and phospholipase C-2 [304]. Another member of the TLR family - TLR2
- works in concert with TLR1 or TLR6 to identify a diverse array of MAMPs derived from Gram-positive
bacteria, including lipoproteins, peptidoglycans, lipoteichoic acids, zymosan, and mannan. TLR2-TLR1
heterodimers recognize triacylated lipoproteins, while the TLR2-TLR6 heterodimers recognize diacylated
lipopeptides. We have used TLR2 activation of monocytes, to study dynamic PPIs and PTMs of several

important players of the TLR signaling cascade via affinity purification in publication 1.

When MAMPs and DAMPs bind to their respective TLRs, adaptor molecules - such as MyD88, TRIF, TIRAP,
or TRAM - are recruited to the receptor. There are two major pathways downstream of TLR4: MyD88-

dependent and MyD88-independent (TRIF-dependent).

In the MYD88-dependent pathway, TLR4 recognition of a ligand induces the formation of a complex

between the TIR-domain-containing adaptor molecule MyD88 and an IRAK family molecule through the

adaptors' cytoplasmic region [305]. Following complex formation, IRAK4 phosphorylates IRAK1 to release

IRAK1 from MyD88 [306, 307]. IRAK1 forms an association with TRAF6, a RING-domain E3 ubiquitin ligase.

Then, TRAF6, in conjunction with the ubiquitin E2-conjugating enzyme complex (UBC13 and UEV1A),
29



promotes the polyubiquitination (K63-linked) of TRAF6 and the TAK1 protein kinase complex [308, 309].
TAK1 interacts through ubiquitin chains with the IKK complex and activates two distinct signaling
pathways, the IKK complex— NF-kB and the IKK complex—MAPK. The IKK complex - composed of IKKa,
IKKB, and NEMO (NF-kB critical modulator) - phosphorylates and then degrades the NF-kB inhibitory
protein IB, allowing NF-kB to translocate to the nucleus. Also, TAK1 activates the MAPK signaling pathway,

triggering the inflammatory response [295, 298].

In the MYD88-independent pathway, other TIR-domain-containing adaptor proteins, such as TRIF and
TRAM, function as TLR4 adaptor proteins. When LPS binds to TLR4, TRIF is recruited to the cytosolic region
of TLR4 and activates IRF3 and NF-kB, resulting in the expression of type | IFNs and pro-inflammatory
cytokines. TRIF activates downstream signaling via TRAF6 and TRAF3. Interaction with TRAF6 leads to RIP-
1 binding, and this complex then cooperatively activates TAK1, activating NF-kB and inducing the
expression of pro-inflammatory cytokines. Unlike TRAF6, TRAF3 activates the IKK-related kinases TBK1
and IKKi, which phosphorylate IRF3 to translocate to the nucleus, resulting in the expression of type | IFNs

[295, 298].
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3 Aims of the thesis

In my thesis, | developed and applied different cellular, biochemical and MS-based quantitative
proteomics methodologies, to investigate the protein-protein interactions and post-translational
modifications in immune cells and established a computational workflow for the detection of the signal

peptide peptidase induced proteolysis of signal proteins.

First, | developed a streamlined and scalable method to simultaneously study dynamically regulated PPls
and PTMs, which are usually analyzed in experimentally distinct workflows. The method is based on the
enrichment of epitope-tagged proteins with the His-IMAC affinity matrix and provides a cost-effective and
non-proteinogenic matrix for AP-MS experiments, which we termed MIP-APMS (Modifications,
Interactions and Phenotypes by Affinity Purification Mass Spectrometry). We evaluated and optimized all
steps of MIP-APMS, including (1) epitope-tagging of proteins of interest and mammalian cell transduction,
(2) affinity purification conditions for optimal interaction network and PPI enrichment, (3) followed by
MS-based quantification and identification of PTMs and PPls, and (4) ultimate biochemical and phenotypic
validation of interactors and PTMs in primary human immune cells. We demonstrate the pipeline's
discovery potential by probing dynamically assembled protein communities in human monocyte immune
signaling using Toll-like receptor (TLR) 2 activation and MAPK14 inhibition. Our analysis of 19 protein
complexes discovered over 50 previously unknown PTMs, including phosphorylation, acetylation,
methylation, isgylation, and other less well documented chemical changes, as well as an interaction

network spanning over 300 PPlIs.

Second, | studied the proteolysis of signal peptide containing proteins by signal peptide peptidase to
elucidate the exact N-Terminus of these proteins. To this end, | developed and applied a tailored
bioinformatics strategy to identify neo-N-terminal peptides from publicly deposited MS raw files. This
meta-analysis identified not only the cleavage sites predicted by prediction algorithms, but also
alternative cleavage sites in the vicinity of the predicted cleavage site. Annotated enrichment analyses

revealed a particular high amount of alternative cleavage sites in transmembrane proteins.

Furthermore, | devised a step-by-step proteomics protocol for secreted proteins, wrote a Commentary on
macrophages and contributed to collaborative research projects assessing the paracrine functions of (1)
immune cells undergoing apoptosis and necroptosis, (2) and pyroptosis as well as (3) the influence of

arginine on the metabolism and development of multinuclear giant cells.
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4  Publications

4.1 Project 1: Identification of Covalent Modifications Regulating Immune Signaling
Complex Composition and Phenotype

Protein-protein interactions and post-translational modifications are typically studied independently. In
this project, | present a cost-effective experimental and analytical approach for simultaneously identifying
all detectable post-translational modifications (PTMs) and protein interactions (PPIs) in relevant signal
transduction pathways using mass spectrometry (MS)-based proteomics. This technology permits the
interrogation of protein signaling complex composition and function at single-amino-acid resolution in
response to receptor activation or pharmacological inhibition in nearly any cell type, including primary
cells. The method's application to monocytes elucidates the functional relationships between numerous
previously unknown PTMs and PPIs involved in immune signaling, including the first description of TRAF2

isgylation.

This method — Modifications, Interactions, and Phenotypes by Affinity Purification Mass Spectrometry
(MIP-APMS) — entails a rapid and streamlined pathway for cloning and transduction of tagged proteins of
interest into functionalized reporter cells, followed by affinity chromatography and MS-based
quantification of all enriched proteins with their covalent modifications. MIP-APMS elucidates the time-
resolved interactions of over 600 proteins and over 100 modifications, including phosphorylation,
acetylation, and methylation, as well as chemically less well-characterized covalent modifications at
certain signal transduction phases. Due to the lack of systems-wide approaches to study protein isgylation,
the unique discovery potential of MIP-APMS is highlighted by the identification of an activating function
for isgylation in monocyte innate immune signaling. Our pipeline enables rapid validation of novel
hypotheses, such as the co-regulation of various protein interactions and alterations with a distinct
functional cellular phenotype, after CRISPR-Cas9-mediated knockout or site-specific mutation in the same
experimental system. As a result, we established the functional significance of TRAF2 isgylation and
phosphorylation, the interaction of ARHGEF18 with MAP3K7, and the identification of the target versus

off-target effects of small molecule p38 inhibitors in human monocytes.

MIP-APMS may thus enable rapid and systematic exploration of dynamic protein communities in a wide
variety of fields of biology, and serves as a template for how innovative technology reveals a myriad of

previously unknown functional molecular checkpoints in cellular signaling cascades.
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The corresponding paper was published in Molecular Systems Biology [310].

| have performed all experiments, developed and implemented the bioinformatics methods. Together

with Felix Meissner, | conceived the data analysis, interpreted the data and wrote the manuscript.
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Identification of covalent modifications
regulating immune signaling complex composition

and phenotype

Annika Frauenstein®, Stefan Ebner®, Fynn M Hansen?, Ankit Sinha®, Kshiti Phulphagar®, Kirby Swatek®,
Daniel Hornburg*(®), Matthias Mann(®) & Felix Meissner™="(0)

Abstract

Cells signal through reamangements of protsin  comminities
gowemed by covalent modifications and reversible interactions of

distinct sets of proteine A method that identifies those post-
transcriptional modifications regulating signaling complex Compo-
sition and finctional phenotypes in one experimental setup would
facilitate an efficient identification of novel molecular signaling
checkpoints. Here, we devised modifications, interactions and
phenotypes by affinity purification mass spectrometry M IP-AF MS),
comprising the streamilined doning and tramduction of tagged
proteins into functionalized reporter cells as well as affinity cheo-
matography, followed by MS-based quantification. We report the
Hme-resolved interplay of more than 50 previously undescribed
madification and hundreds of protein-protein interactions of 19
immune protein complexes in monocytes. Validation of inberde-
pendencies between covalent, reversible, and functional protein
complex regulations by knockout or site-specific mutation revea led
|15Cylation and phosphorylation of TRAFZ o well as ARHGEFIR
interaction in TolHike receptor 2 signaling. Morsaver, we identify
distinct mechanisms of action for small molecule inhibitors of pii
(MAPCI4). Our method provides a fast and cost-effective pipeline
for the molecular intemogation of protein communities in diverse
biological systems and primary cells
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Introduction

Cellular fundions rely on complex molecdar networks that ane
maxinly compossd of protesin [Seet ot al, 3006; Pan & al, 2012}, Cell
type- and mmndexd-spediic fundiomns mequine 3 tight onchestration of
signaling, and their dysregud siom is ofien @mocialed with pathology
[Arkin et al, 2014). Experimenta] approsches thai gquamiitstively
capture the mechanisns of dynamic signaling networks ane there-
fore highly valushle for establishing causal hinks b o=llular pheno-
types and the development of srategies br lageted interference.

Traditionally, the amalysis of sgnal framsdocion medhonims
has based on protEns with annotied fimctions in 2 given hiologi-
cal pathway. Pathway activation is pobed with antihodies tha
determine the abmndanee of postiranslational modifications [ PThs)
or inferadion of selecksd proteins (protein-potsin neTadions,
FPs). Alhaugh valiahle for sting pre-defined molsonlar stxtes of
seledted proteins, the utility of this approach is limated by antibody
availabdlity, and prior loowledge of molecuar and functional rela-
Seonships, While employing antihodiss would be applicable imespec-
tive af the el type, the discimination of direa and indirect, 25 well
s amifhody -bound and bait-bound proten intersciors, is aften chal-
lenging because of limied antibody specifcity [Marmn et al, 301 5],
Conversely, while epiinpe tagging of selected protesine provides an
altemnafive thai guarantsss specific ennichmeni with stahle hadk-
ground binders—a defined set of proteins adhering to the affimty
mairix—not all cell types are amenahle (o efficent genetic man po-
latinns. An optimal sirategy woukld therefone combine efficisnt and
anfbody-independen) enrichment with miversal applicability for
eukaryotic cell fypes.

Mxs speciometry [ MSkbased proteomics allows the detedion
af PTM and PMs withoni prior knowlsdge. In reent years, M5-
tased proteomics has ahranced tremendously and ramitioned from
entifying anly 2 few p o comprehemivdy quantifving
cellular profteomes and identifying modifed proteing and protein
interadions o 2 lange scale [larancee & Lamond, 2015; Asbersnld &
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Mzm, X16). A= such, il provides systiems-wide views of cellular
stxies with immmse discovery potential, = indicied by logesale
effors to map the entire inderadomes in yeast [Gavin et al, H00E;
Ho &t al, 2002 ; Krogan & al, XM06), drsophila [Cuvharsha st al,
2011), and huwman [Hein et al 20013%; Hein 2 al, 2015; Hutdin et al
2015}, kdnase and phosphatese mirraciomes [Cingras = al X007,
Courerns et al, 2013; Yao etal 2017; Bulan et al, H20) a5 well 25
glohal views of spedfic FTMs [Choudhary &t al 309; Humplrey
et al, 2015; Lescarbeay of al, 30 16; Liv stal, 318

Although it i well apprecizied that the interplay of PTMs and
PPl determines how binlogical responses are regnladed, MSbased
technal ogies ane almo=s dlways used to mvestigale PFTMs and FPB
separately, and rely on distine! hiochemical and anahytical sirade-
gies. Henoe, the anal ysis of PPls & bail-centric, and selacted proteins
are affinity enriched together with their inleracting pariners [Faol
etal X1 1}. By contrast, PTM anal ysis generall y focuses on a single
mendifcation type {eg., phosphorylation), whersin  modified
pepides of all cellular proieins are affimty enriched. Alematvely,
in ander to classify PThs oo specific proteins, affinity purification
mass specirometry [ APMS) appmaches with siringeni washing and
lysis condifions have been periommed a1 the expense of PP elocida-
tian (Stiz o al MNT; Pankow et al 201%; Karayel ot al, H20)
Comseguently, these two molecular modes of prolen regulafions ane
experimenially dismnnectsd, hampering the dsmvery of the rela
tomships between PTMs and PPs in cellular sgmabng pathwaeys.
Purthemmare, sy methods to smultneously monitor differ e
PTM types in 2 single sample are missing. Conventional enrichment
strategies for disting PTMs vary widdy, and hence, mapping of
muliple PTMs usually requines several sequential or paralle]
hindhermical sieps. This requires large amaumts of starling material
and resubts in lw-sample tmughpa, while comprehensivenes &
still Emited a5 the emrichmeni sirategies are laillored owand known
hinchemical properties of selecisd PTMs. A method that would
capture in an unhizmed mamer all deecabis FTMs in protein
complexes of interest & therefore nesdsd =0 2 0 omprehenshely
pinpoint malecular signaling chedkpoints in complex  hiologial
Sysiems,

The functional evaliafion of emerging PThis and PPls is a
commem hotileneck in systemswide discovery approaches. While
inifial screens are affen performesd in an expenmental sysiem thad
closely resembles cellular physialogy, experimental validation of
hils among all discoversd candidatss frequently relies on los- or
gainoffuncton experiments in cell lines o achieve the neo=sry
throughput. However, desirzble would be an experimental setup
that Esrlitates boih discovery and validationin primary eells.

To develop a method for the syslematic disection of cellular
signaling checkpaint by sSmuitansows PTM and PP mapping in
ane experiment, we devised a stoea miined pipeline—Modifications,
Imeractions: and Phenotypes by APMS [MIP-APME]). We evaluaied
and technically optimized 21l steps of MIP-APMS, comprising (1) the
epitope tagging of proteins of interest and mammalian oell transdue.
tom, {ii} afinity ponification ondions for optimal mierscion
netwark and PP enrichment, (1) followsd by MS-hased PTM and
PP quamtification and identification, and {iv} ultimae hischemial
and phenotypic validation of interadors and PTMs in primary
human immme oells, ndegration. of muliple MIP-APMS expen-
ments generaies  dynamic signal iransdudion oetworks  and
pinpoint  time-nesohved  coeregulations of PTMs amd PPE in
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seyjuemtial signal transduction steps. We show the dsmvery poten-
fial of our pipeline by intermogating dynamically asemhbling potsn
commumities in human monocyte mmume signaling using Toll dike
recepor [ TLR) 2 acivation and MAP kinese MAPK]4 mhibition 2=
maradigms. Our soem enompessing 19 proisin complexes identi-
Bed mare than 50 previosly indescribed PTMa, inchiding phospho-
rylation, acetylstion, methylation, [5Cylaton ax well as other less
well-desribed chemicsl modificaions and ehuddated an interadion
ndwark spanning mare than 300 PPls. We used the modular
omoepl of MIP-APMS to test emerging data-driven hypotheses to
validate PTMs and PPE regulating fmmume signaling in reporier and
primary cells. In this way, MIP-AFMS enables the stineamlined vali-
dation of crestalk between d&iferen layers of protein: regulation
with broad applicahility.

Results

Experimental and proteomics strategy for intermogating dynamic
signal transduction networks

We devized MIP-APMS for the identification and perfurhation of the
functional checkpomits of cellular sigmaling pathways., MIP-APMS
imvwohves the ibllowing fowr stages with the ndicted time frames
[se= Craphical Ahstract, Figs 1and EVIAL:

1 {Cloning of genes encoding epitopetagged proteins and ams-
duction of specialized ol types.

:  Streamlined quantification of various types of PThs 1ogether
with PPk,

% Implemeiation of 2n anahytical strategy to pinpaint genetic or
phar mamiogical signaling network perturbations.

4  Direct biochemial and functional evaluation of novel hiolagi-
cal regulations in the same experimeniz] sysiem.

Universal cloning and transduction strotegy

To enzhle intermogation of sigmaling cacades, we employed a cos-
efiective method fbor epitope agging of proteins with a restridion
ez yme-free approach, @llsd resinction enoyme: fee seamiess liga-
fion doning exiraa [3LiCE) doning [Zhang &t al K12} A madified
weak phosphoglyeeraie Kinase [PCE} promoter mnimols the ex pres-
son of the GOk, which are fanked by atil sites, Theely, ow
wecior sysiem i compatible with commencial DNA assembly cloning
siralegies such as the NEBulder platiorm or Gaeway, which had
been used before [Lamberi & al, X04). As shown previously,
employing lentiviral transduction for amphotrophic gene tamsdr
exends the scope from readily transfedable o=l lines, 2g., human
emiryonic kKdney [HEK} cells, to non-dividing and terminally dif-
ferentizied cells of primary origin (Hottln &t af, 3015; Samavanchi-
Tehrani 2 al, 3018} In particolar for application with primary
immune cells, ramdurtion & advaniageous a5 other methods can
acfivale mnate immune signaling pathways and induce cell death
[Permamdes Alnemri & al 3009, Homung o al, X0 Gxidt ot al
A7) As 2 relevant and challenging experi mental mode] system,
we chose human monocyies, bemme these cells ane not exsily
tramsfeciahie and execule a broad spectrum of celluar programs by
the dynamic intracellilar propagation of molscular signaks down-
siram of cell surlae reepon. For method development amed
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phenotypic soeening, we employed the monocytic o1l ne 11937
amd validaied our nesulis with primary aells. We achieved 92 (= 5)
% cellular transhuction effidency afier antibintic marker selection
[Fig EF1E}. We further demomstrated the universality of our
approech with primary hman macrophages differentisted  fom
peripheral manocytes (Fig EVIC and 0, Table EV1} and primary
human T cells [Fig EVIE, Table EVL].

We carefully charaderized the functional properiies of generaied
oell lines: The average oopy numbers of the endogenows protein
cmmierpars to the tagged protding were 3.1 million per cell,
increasing anly slighily o an average of 43 milion copies upon
iramsludion [Fig EV2A)L Importantly, global prolsin expression
levels remained stable within cells upon expressin of epitope-
1agged bail protens (Fig EVIE and C}. We spedfally confinmed
that transduced cells evhibit no background immme sctivation by

ing, exp levels of p invohved in imooume- angd
infection-sssocisted pathways [Fig EVID and E} and retain thesr full
activation potential by amesing NFEB acfivity with Luciferase
reparier assays [Fig BV P}

Simudtaneous enrichment of PT8s and PPE

Hext, o siudy inlerdependency of PTMs and PPs in signaling
coades, we evaluated hiochemical ennchmeni stradegies for
epitopedagged poteins with MSdased proteomics using high
periormance liqud chr phy [HPLC) coupled to a linear
gquadnupale Orhitrap mass spectrometer [ Exadive HF, Themma)

o O Thee Aur i

aperated in a data-dependent aoquisifon mode [Fig 1B} [Schel ema
et al, 3014}, We systematically compared typicl shont epitope tags:
Flagtag (Hopp ot alf, 1988], Strep-tag (Schmidl & Skerra, X007), and
palyhistidine tag (Hochuli & al 1988}, To quantitatively compare
epiinpe tag-hosed enrichments, idenificfon and label-free quan-
tificztion [LEQ) were performed in the MaxQuamt emvironmens [(Cox
& Mamn, 2008), While > 1,000 prodins were shared hetween all
three ennichmenis [Fig EW3B}, His-IMAC emichmend identified more
hadkground binding proteins. Exemplified for MAPE14, oar resulis
show high overlap of Inown infersctons for Strep-tag and Histsg
IPs with on-besd digestion, whereas Flag-tag amd Strep-tag with
chrtion yickled lower mumbers of significant interactors [Fig EV3A,
Tahle E¥1}. Notahly, the highest mesian bedi prolen sequence
ooverage (Fig EVID), highest intensity of MAPE 14 [Fig EV3D), and
highest number of sgnificantly interading potam were schieved
with His-IMAC.

Amondingly, we inmrporated His-IMAC in the MIP-APMS proto-
cal and further optimized the protocol for high bait enridhment and
high-sequenoe coverage by tiirating imidarole concentration in Iysis
and wash buffers, respectively [Fig EVAE and F). Following method
apfimization, the respective bait proteins wene amemg the highes1
emiched proteins after MIPAPMS [Fig EVIG, Tabl=EV1). We
achieved amedian sequence coverage of 7% for bait proteins [Fig
EV¥3H}, opening up the posibility of directly idemtifying and quanti-
fying PTMs, such as phosphorylation, acetylation, or methy lation 2=
well a5 other k=3 wellstndied mvalent protein modifiations an

Aoterler SEwmsbiolagy T amXjxm Jof 21
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any bait protein [Fig 1C). Differently modified peptides wene not
amalyzed separately, a5 in typical proteomics workflows, but mstesd
the seleded enriched prodeins represeniied all present and detedahle
proteaforms. This made it posible (o smulaeomsly quantify te
differently modified and unmodified versions of peptides. MIP-
APMS enables the efficient and oost-efective and mobusi analyss of
PTMs and PPl in a single experiment

Dynamic dgnaling netuwork analysis

To study how signaling networks reamange upon cellular activation,
we mirgraied quantiative PTM and PP information from muodiiple
MIF-APMS experiments. This enabled quantitative amalyss of
sequentizl steps in signal ramedncion, snee it 2lowed for dynamic
PTM amd PP crosstalk to be resolved providing a basis to identify
malecular switches in signal transduction networks. We observed
enrichments and de-erichment of prey proteins in proben complex
of inferest and abo dynamically regulated PTMs an both bait and
prey profems [Fig 10, regulation up fdown].

Biochemical and funcrional evaluotion of novel biological
regulations in the some experimental system

To validste our findings in followop stdies, we employed the
same experimenial sysem wed for decovery. We  investig ated
the alterations in dynamic signaling networks of protsns mutaed
on single aming acid stes dscoversad in our study. Furthermane,
by transiorming our model system ino NFEB reporter olls, we
wene able 10 reveal fimctional effeds on KFKB activation of nove
PTME anad PPs by CRISPR-Casf-medisted gene knodiout and sie-
specific gene mutations, respectively [Fig 1T, phenotype, Fig 1 A).
Az desribed below in more detad, we were able 1o denve fune-
tioma]l moleculsr checkpoins i momcoyte signal  ransducton
netwarks.

Signaling netwarks of kinases, signafing adapters, and caspases
in monocytes

We tevied our MIP-APMS approach by intermgating the molecular
compastion of proiein oemmumdties nomammalian cells ;s
Specifically, we invesigated imate immune signaling complexes,
assembled vanous profein s, such a5 kneses, casposes, amd
hmor necnsis Bodor [THF) receptor-associated factors [ TRAFs) in
hieman mamooy tes.

Anniko Frauenctein et ol

We generated 19 transgenic memocytic 1937 od] Bnes and
amalyzed them with MIP-APMS, as described above. This identified
and guantifisd an average of 4,106 proleins per mexsunement,
inchding nowspecifically bnding potsim 2 expecied for nim-
siringent APMS conditions [ Trinkl e-Mulcahy ef al, 2008; Rees &t al,
2011). We ohserved high median intra-bail and inder-hait Paarson
comelations [> 0.9) hetween biclogical replicates [Fig EV2) amad
between different cd] bnes [Fig EV3]). This highlights the overall
neproducihility of the devised workflow . To discrimi nate spedfailly
interading profeins from background binders common i all haits,
we comprared ennichments from single vs, all other ool lnes with 2
sanidard slatistical tesi [two-sided #test) at 2 stingent fabse disoov-
ery rate [FDR} of 1% o comed for multiple hypathesis testing (Hein
etal, M5, Keilhauer ot al, 2015, Hubel =t al, 3019} . This nesulied in
a smadl] fradion of significandly interacting prodeins: (378 proteins in
ntal, with a median of 186 interaciors per baif) comparad io a lage
propartin of background binders [Table EV], Fig EV4A). Notahly,
dislinc] prodein infensiy differences and Pvalues deardy distimguish
specific bait and prey from unspedfic backgmnd proteins [Fig
EV4E amd C). MIP-APMS prinmitizes bait-specific preys, 25 proteins
emriched in muliiple ex periments —ind wling infenocomected interac-
ors—show krwer enrichment differenoes and Pvaloes [Fig EVAD)
by umbisal statitical inleracior calling [see Materials and Meth-
ads}. We compared our LFQ intersity and biesi-based sirategy 1o
the results of the SAINT algarithm (spectral ot based) exemplary
for MAPK14 and idendifiad largely similar interactars [Fig EV4E.

The identifisd interactiors inchrded previously desoribed 25 well
a5 nove profeins [Fg 2A, Table EV2). Unsupervised hieranchical
chustering of label e quantification [LEQ} intensity profiles of the
significam nieracinrs grouped specific nterscliors of corresponding
hait protesins together [Fig EY4F). To determine the topology of the
detecied protein inferacion network, we asembled prodeins acoond-
ing {n shared inderaciors. This enabled the dlentification of signaling
hubs though commmon comections of baii and prey potesins that
chrslere] together in the netwaork [Fg 2B}, The analysis necapin-
lxted many lmown inleractions, inchufing the TRAFZ-BIRCE
CORUM complex [Ruepp et al, 2010} mvalving the binary imerac
tion of TRAF2 and BIRCE , supplemented by such players 25 TRAFI,
TEK1, TAKE, and IKBEKE [Whu et al, 2005 ). Some TRAFL interaciors,
such as RIPK 1, CASPS, and THF [Hsu o al 1996), wene not defeded
in this experiment perhaps bese they requine distinet context-
dependent  cdhluiler  acfivation, eg., throogh THNFR.  Thess
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alservations validated the wtility of MIPAPMWS for the intermg aion
of intraceTlular signaling netwarks.

To identify and quantify PTMs in the same experimental setup,
we reanalyzed ow daia with phosphorylstion, acefylation, and
methylation a5 varishle posttranslational modifications. Even
though we did ot enrich for PFTMs, we idendified and guamitifed
on baits 25 well 25 prey proleins (88 PTMs on 19 il proteins).
Phaspharylation wes the most shundant PTM in the dataset [52
sites}, blowed by methylation (25 sites) and ace=tylation (11 sites)
[Fig 20}, While the mxpomnty of PTMs were delecied on bat
prieins, some (31 PTMs on 10 proleins] wene also deteted an
prey profeim [26% of all known PThs; Fig2l§. A remoarkahls
T4% af the studied bait protens or their respedive ineracions wene
psttranslafionally modified, with some proieing, =g, AKT] amd
RIPEY, harbering more than 10 PTMs [Fig 2E). otbly, MIP-APMS
identified 52 previously undescribed PTMs, in particular methy la-
hom and acetylation sites: (Fig 2F}. Furthermore, an uniizsed analy-
sis of covalent peplide modi fcations using the dependent peptide
algorithm in Madhomn, the siinghesed seach algorithm
Taggraph—hased on a de movo seardh in PEAKS —amd M5 Fragger
[Devabhakiuni ¢ al 2019} —mevealsd] 2 sevies of less well-described
covalen] maodificaions on MAPK 14 [Fig EV4G) . Twenly-sx madifi-
catims were shared belween sarch engines (2.3% of all madifi-
catims for dependent peptides, 1.5% PEAKS/Taggraph, and 09%
M5 Pragger, Fg EV4H). Out of these 26 modibcations, six wene
reproducily idenfifed and quantified in 20l replicates [Fig EVETL. To
distingrish biologically regulated from other—for example —sample

Anniko Frauenctein et ol

preparatinnintrodues] modifications, we quantifisd the idenffsd
mexlificatims upon cell adivation with specific searches in
Muoduani. Notsbly, only MAPK 14 phosphorylation was differntially
regulaied hetween onditions. Monsower, acstylation, methylation,
and phoesphorylaton deeced on TRAFL, MAPEL4, and MAPIE?
with specific seanches were mismal by open searches [dependent
peptides of MaxQuant and PEAK S/ Taggraph; Fig EVAT). This demaon-
sirzies that MIP-APMS can disoower nowel PTMs in signaling
complexes; however, comparisons acnoss seandh engines and confir-
mation with specific seach stmieges are advisshle to inonesse
confidence,

Ta capiure the dy namics of cellular signal transdudion, we next
amalyrel how the inracellular networks resmangs upon cellulsr
acivation via o] surface neceptors. We stimulated oells via TLRZ,
= this patiern recogniion receptor s prominenly expresssd in
mamocyies and nduees 2 mobust pro-inflanmadory program - thad
involvies activation of the ramopfion nuclear Baor (NF) xB path-
way [Olivera-Nascimenin o al, 501Y, Beckmamn ot al, 2017} We
analyzed the dymamic sigmaling networks downsineam of TLRE
using time course experiments in biological quadrrplicates. Upon
stimulation with the hpopeptide Pam3CysK [PAMICSES), celhular
sgnaling was adivated [Fig BY4K), anl stahble vs dynamic PTMs
and PPz could be distingushed . Becauss of the short lime frame of
Kinetic invesiigations [within 3-min postoellular acfvatiom], we
did not normalize protein levels @0 spresioninduesd protein 2bun-
dance dunges. On average, we delecied two stxiistically significand
dymamic PPIs and one dynamic PThs per bait [Fg EVEA; Table EVZ
and BV3} Our daia suggest that phospharylation is the masd
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dynamic PTM in the tested sefting, followsd by methylation (Fg
EVER].

Kext, o study PTM and PP] interdependency, we comelaied all
PTM and P infemsities and clustersd them unbizsedly over the
time course of TLRE agivatiom [Fig 26, Tahle EVE), We detect the
dynamic co-regulafion on both molecular byers (PPIs and PTMaj,
identifying mmelating and anfi-corelsting PTMs and PPls during
signaling pathway adivation. We identified seven clusters with
distin kinetics, some peaking early (Fig 2H, Clusler: 4,5} and
others laie [Fig 2H, Cusler: 7} upon pathway acfivation, a5 well xs
up- [Fg X, Cheier; 4.5,6,1} v, down-regubded [Fig 2H, Clmier
1,23} FTMs and PPls. Interestingly, interaciors identified in more
than one MIP-APMS experiment [eg., COCT: Custer 1) were in
cowr oeiwork procimity. Our approach faclitied an unbzsed
dismvery of time-resolved molecular connections betwesn dynamic
PTMz and PMs, exemphfisd by the comelsied inderadion of
MAPIES ineraciors (NFEB], NFEEL} and NFxE] phosphondaian
[Chster 4.7}, or the anf<correlied phosphonylation of the &
terminal kinzse damain of AKT] and the mteraction with CDC7
[Chrsters 1, 5). This demomstrates that the sens fivity and rousnes
of MIP-AFMS enshle the simulaneously deermination of cellular
signaling network reamangements by PAs, PTMs, and ther inger
plry. We amchude that MIPAPMS i sufficendly sensitive and
motust o capture dynamic signaling networks in mammalian cells
in . § generates highly repmducihle data tha may be mad br
the discovery of nowel dynamic PThs i signal tramsduction
cxmomdes, and simultanems evaluation of mulipls FTMs and FPE
in signaling networ k.

Dynamic phosphanylations and 1S ylations regulste TRAF:
downstream of TLR2

We next evaluted MP-AFMS for the discovery of novel molscular
chedepoints in intracellular mmune signaling. We focused on
significanfly regulated PPz [FDR <001} and PTMe [P
value < 0.05) ientifsd for TRAFE and MAPIE?, and examined
thesir hiochemical and phenotypic relevance through network: pertur
bafirms mediated by gain- and loss-of function modations.

TRAFX is a ceniral adaptar protein in THF signaling and rego
laies pro-inflammainry cytokine production through KPeB and JKK
signaling pathways [Borghi et al, 2016}, As described above, the
MIP-APME analyss onfirmed previomly reported TRAF2 mierac-
tars, such 25 TNF neceptor-amsocisted facior TR AR, bamloviral IAP
repeat-omiaining protsin BIRCE [cIAF2), TRAF bmily member-
mmncided NAEB activaior TANK, and  serinefthreonine-protein
kinzse TBE]. In addition, we identified ELPZ and BG5S a5 noved
components of the TRAF? omplex [Fg 34 and B) and TANK, a
negative regulator of TRAFR [Cheng & Baltimere, 1936), 25 dynami-
cally recruited o the TRAFI complex. By contrasi, the majonity of
ofher TRAFY inleraciors remained umchangsd upon activation [Fig 3
C and ). While must ather PTMs nemained imchanged upon signal
pathway activation, ihe analysss revealsd dynamic K-derminal phos-
phorylations an The? and Serll of TRAF? (Fig 3E and F}. Thus, the
ineraciome and PTMs of TRAF? are dynamically regulated upon
NFxB activation via TLRZ,

To test whether these dymamic N-ierminal phosphory lations
afiected the composiSon and fmcton of the TRAFZ protein
ocomplex, we used te MIP-APMS streamlined workflow to generate

Bof 21 oo Berers Soagy 17 S5 |2@L
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protsin phospho-variamnts, in which specific Ser or Thr residues were
changed 1o Gly, or to AspfGl o mimic phosgphordaton. We
prabel the resulfing signaling network reamangements using M-
APMS and found a specific ennidiment for uhiguitindike protein
BGIS and TRAF1 by the phespho-mimetc TRAFY varands
companed o wikdtype TRAFYX [Fig 30; Tahle EWi). These data
suggest that K4erminal phosphonylation of TRAFZ at bath The? amd
Serll stzhilizes 2 protein complex with 15615 and TRAF1.

To further zssess the fmdiom] relevanee of the K4enmimal
TRAF? phosphoryiation on odlular regulstion, we introduced the
phospho-mimefic and phospho-desd TRAF? variand imo KB
reporter mamcyie ool lnes. TLRE:-induwed NFxll activation was
slevated with TRAF? K-terminal phospho-mimeSes, whensss the
phospho-dead varians showed activation comparable o that of
wilddype TRAFL, indicating that Nefermimal phosphondxion
bomisd downsiream signal ansducion (Fig 3H).

BG1S i 2 ubiquitindlike protsin that covalently modifies tange
protens on lysine resdees in 2 proces called 15Cylation [Losh &
Haxs, 1993 Zhang & Fhang, 2011} Afer tryptic digest, isgylated
peptides harbor GlyGly modifications on hysines that can be neadily
detected by LC-MS/MS, As we did not directly deted GlyGly-
muxdified] peptides, we combined MIP-APMS with GlyGly ennidument
amd mdesd ientifiad two ChGly modifcation sies on TRAFX [Paosi-
tions K27, K320; Fig 3T}, To deduce the impact of 15Gyiation on the
TRAF! interaction netwark, we performed site-dir ssted mutsgenessis
af TRAFZ hsines and subjected the E—=R mutani o=l ines 1o MIP-
APMS . (O of the total 32 K=R mutanss, 5§ showed sirong [mone
than 4x) and signifcan depldion of 15515 in the TRAFE complex
[Fig 41, Table EW4). Interestingly, the maost regulaied site K330
was also identifisd by our initis]l GlyCly entichmen!, suggesting an
BEGylstion of TRAFE. Reduced BG15 levels in the interadomes of
crrigin K=+R mutmts further support this cheervafion. In ooniras,
TANK levels—a TRAFY comgd ik ned unaliersd in
the different TRAFZ mutmis, pointing towand a spedfic pantial
periuthasion of the TRAF? protein cymmamity by K- R ste-dineded
mriagenssis [Fig 3K). We excluded potential cloml aor TRAFZ
mutmi expression effects on 15615 levels by comparing 15G15
levels of ramgenic memocyte nderaciomes o full proleomess: (Fig
EVED). Unchangsd 15G15 iniemsiliss upon siingent MIP-APMS
cmdiions [§ M Gdm{l) in a TRAF2 MIP-APMS experimeni 25 well
a5 no evident interadtion of remmbinant 15615 and TRAFE in a size
exchrsion-hased binding ==y rther suppon the covalent BGyla-
San of TRAF? [Fig EVEE:. Punctional analysis of the KE~R mutanis
revealed redudion in KPKB acdivation for EZ7TR, HAXOR, K3464R,
amyd K389 mutants, suggesting thai By lddsan of TRAFR may acl 2s
a pusitive regulafor downstream of TLRE [Fg 31 To expamd owr
fndings to primary human marmophages, we selecied the nowvel
phospho-mimetic TRAF2 mutant 5110 and lysine-migant E3890.
These experiments omfrm BG1S emichment in the TRAF2-511D
complex and deplefion in the TRAFE-K 38R complex [Fig SM).

ARHGEF1S and FOSE are functional regul ators downstream
of TLR2

Tao further explore the uility of MIP-APMS for discovery of new
mferadors, we evaluebed funclional nderscitims of MAPIET.

MAPIE? [TAKI} i a oeniral kinase of the MAPK signaling pathway,
with crucial roles in the agivation of TRARS downsineam of TLRs
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and other recepiors [B-of] receplor, THF receplor]) [Landsinfim,
K10} and known a5 a major regulador of NFkB signaling (Sato et al
2005} The MIP-APMS analysis recapitul ated the TRFa/NPcB signal-
ing complex 7 [CORUM) consisting of TARI, TARY, TABL, and
COCAT (Fig 4A and B). Upon TIR2 acivation, TAB] and SNMI7
were depletad from the MAPIE? complex [Fig 4C), while phospho
rylation of MAPIET? on Ser3 59 noareased , significantly (Fig 4T, This
revealsd dynamic regulafion of both FThs and PPIs during pathway
Execuin.

From the nine previously umlmown interacion, we selecied the
guamne nudsofide exchange Boinr ARHGEFIS and the immoriptonal

Molecular Symtems Biology

regulators FOSE and FONE2 for functional hypothesis testing.
Becaime MAPIK? is implicated in NPl activafion, we used CREPR
o0 Jmock out the respedive genes i meonocy tic NPl reporier oells
and determined the pathway activity by hciferas nduction that
directly mmelates with the activation of NFkB [Fig 4E). Upon dele-
Hon of genes encodmg TLR? and MYDES (the recepior amd proximal
adapior of PAMICSES, respectively ([ et af, 20010}), we observed
am almest complete inhibition of NFxB activation. CRISFR Imockaout
of MAPIK?, and the interagors ARFGEFIS and ROSE, led to a
parial reduction of NFeB activafion, thershy linking this FA o a
funcional downsiream phenotype in the sgnaling cascade [all
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PTMs and PPls of the characterizad bxil proteins are avzilshle in
Appendix Figs 31-514). We verified CRISPR-KD of ARHGEP 1S and
FOER by Western blo1 anahysis [Fig EWSF].

Hence, our MIP-APMS strategy can intermogaie the functional
relevance of individual malecul ar switches in 2 sireamlined manner
on fhe level of PTMs as well a5 PPls in asgnal framsducion
netwarks.

Dissecting drurg mode of action for MAFKLS inhibitors
with MIF-APMS

Smiall molecules ane often used o inkerfere with specific cellular
FAmctims and are the mainstay of the drug industry. Definition of
the tangei engagement of small molecules & a major challnge in
dmyg dsmvery and novel proteomics approaches. have heen devised
for this purpose [Schirle 2t al, 31X}, We reasoned that MIP-APMS
omld emahle the identi Gation of signaling network reamangements
indueed by small molscides, providing 2 umigue proteomic perspec-
tive am the made of drug action. We sclocied previously desonibed
pharmacological inhititors of p28 nose [MAPEIL) [(D0-401 [Fried
mann & al M0é), soajend [Edwands & Emens, 2010), and
skepinone-L [Kocherle o al X111} and analyzed their mode of
periurhation of the eellular signaling network assemblies involving
MAPK14 [Fig 5A-C).

The altxinad dats indicated that skepinme-L and sorafenib inter-
fered with the physiological intracellular signaling netwark aof
MAPEI4 0 2 grester exient than X401 [Fig 50 Table EVE).
Purther, interestingly, sarafendh and skepinone-]. perturbed the inder-
actims within the core complexes di fferendy. While MAFEAPES, a
dewrstream substrate of MAPK 14 [New 2f al, 1998), wasdepletsd in
the MAPKI4 protein complex upon treatment with both sorafenib
and skepinonel. [Fig 500, only soranib reduced the binding of
RPS6KA4 [MSKD) and PTPRT to MAPKI4, and sven meme so upon
cellular adivation with TLR: ligands [Fig 5E). Further, both sora-
fersb and skepinonel induced hyper-phosphoryldtion of the
MAPEI4 phospho-loop on Tyrl 82, whereas an K-terminal phospha
ryLation site [Serd} remsined unaliensd [Fg 5B and F]. This indicaied
that FTMs and PPl of MAPEL4 2ne altened upan inhibitor irestme .,

Further, MIP-APMS also allowed testing of drug off g et effecs
[Fig EVSC-T). MAPIKY phesphorydstion on Ser3S7, Zerdl2, and
Serddf was significamly altered, and both AIN and TAEX were
depletsd from the MAPK]4 complex upon frestmend with sorafenih.
This suggests that the MAPIKT protein complex, reporied to be an
upmsiream activaior of MAPHEIS [MartinBlanco, 2000}, & i par
tamgeted by MAPKl4-spedfic nhiliors. Enrchment of ELPX [T
401, Skepinone-1} and TEE] [(D{-201} was olmerved in the TRAFZ
signaling complex. PTMs on TRAF2 were not affscted by the inhi
bitar ireximent, Hence, MIP-APMS can be used w0 dy namically
realve the inferaciome and PTM cdhanges upon small molecule
ireaimen and provides mibrmation on moleoar eldomships o
signal iransdudion networks that facliste vnderstanding of dmg
made of acian.

Discussion

Celhilar proceses are onchesiraded by signal transduction pathways
that depend on FTMs amd PPE. However, how PTMs and PPl
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cdld:l:rie in structuring the dynamic sgnaling network opokgis
et ely d, in pari because of the bhorous
experimenial appm.ldl.u involved in dissscting these nferadions.
Here, we descrbe MIP-APMS, 2 combined streamlined oell line
generation and profeomics approach (o intermgate functiomal signal
tramduction networks in miracellular signaling  pailways. We
guantified more than 370 PPl and &) PTMs acoss innade prodesin
signaling cascades in himen monncyies upan necepor acti vation or
drug ireatmeent, Amang these are S0 previously mnadescribed FThs,
inchiding those for which spedfic emrichment meahods are ks
sireamlined, such as 150 yldion. Our approach revealsd biochemacal
cmnections between FTMs amd PPE, as well & protsin suboet-
works that regulsle oellilar programs dependent on ste-spedfic
PTMs.

We employed MIP-APMS for streambined anmd selecied inderfer-
ence with protein subnetworks. Demonsirating this principle for
the sitespedfic manipulation of potn phosphoryation as well
a Biylatom on TRAF! yielded differential interaciomes of
mutdsd proleins as wdl a3 alered cellular physiology. In this
way, simctural imsights into inleraction interfsoes hetween poiein
can be revealed. To ow Imowdedge, this is the frst descripfion of
proten [SGylaton mgmenimg NFAE actvity, We dsiurbed
protdn interaction networks of the kinese MAPE14 with small
mnlamhi:!hdadﬁiuuiﬁg}lmﬁe&ugmcﬂ:dacﬁnnn‘f
kinase iphibitors, Bath s 1 ih cl d the
mmnmunmwﬁhadﬁm:ﬂen‘m
whereas bath inhibitors lead to phosphorylation of the MATK 14
phospho-loap,

Mandifications, inlerscfions and phenotypes-APVS experiments
with temporal nesolwion further allow the duddation of m-
regulxtions at differeni bindemicl layers—adding to owr poder
sanding of molemlar conmecfions along the ssuenfial steps of
sgnal transducton, By further inoeasing emparal reslution, it
may beoome posible o resolve the causaliies betwesn regulaion
o the PTM and PAS levels in even greater detail.

For epitope tagging, we employed constrcs from the pLOC
bhrary (GE Healheare); however, other cDNA lihranes or gene
symthesis can readily be employed with polymerase chain readion
[PCR) i obiain DNA fragments with respectve homologous aver-
hargs. We employed the costefiective, mon-commercial SLICE
cloning sttaiegy; however, commendial solutions ming N EBuilder ar
GCatrway ane pomsihle with 0w vecior system. An advaniage of the
small peptide tag chosen for the enrichment sirategy in the cyrmend
study is thad i1 resulls in lttle steric inlerierence with physiological
proidn-proleEn interactions .

Amanding 1o our evalnation, Streptag and His-tag-hosed enrich-
menits resulted in high bait sequence ooverage; howewver, Hisitag
captured known interaction pariners mosi comprehensive. By opti-
mixing a non-sirmgen lyss proodune with low detergent and =l
ocmcenraims and also low emperatune inthe MIP-APMS protoool,
we aimed in capture PTMs ingether with sishle 25 well 25 framiend
interadions. According to our analysis, on average 12.3% of the
PTMs and 5.5% of the FPE are dynamic; owever, 2 hinchemical
procedunes impact recovery of interactors and different thresholds
for significance calling are employed, com parahdlity of FTM and PFI
dynamics acros: studies remams challenging. Incorporating chemi-
cal cross-linking approaches [Holding, 2015, Liu & Hedk, 2015}
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omld further stahilize transien interactors. Combining MIP-APMS
with structural information of the bail protein s well 25 is nderac-
tome can pofentially reveal distinct mieraction nterfaces of protein
complexes that ane periurbed by site-specific covalent mndification
ar dug actiom, It woukl be panticularly mderesting to inegrate
prolein crom-dinking with the PTM siatos, eg., of wikl-type vs
mutant variam proteins of inlenest, 50 that altered strudural inderac-
tion inerbos @n be resolved in addition to differentisl PTM-
dependeni PPE.

We have already explored the sirategy of distwhing protein
ineraction networks using small moleocdes o determine  the
effed] of drugs on proisin complexes. Wheress other proteomics
approsches are zimed 2 identifying drug toges [Maoling 2 al
K13}, MIP-APMS cluddxes changes in proten  commmities
imrolving the selecied trgels. @ may thus serve as an additional
drug dismwvery tonl 0 resohe target prolein network properties
ar aftanget effecia

Despile ity advaniages, MIP-APMS cumently has some limits-
tiams, which can be add d by developing the methad further in
the futnre. These inchide the possibdlity that hait protein levels ane
different from those of endog enous proteins and incomplets protein
soueme coverage. MIP-APMS i based on epitopedagged bt
proteins, which are introduced info trget cells by lentiviral cellular
Iran=ludion Although this strategy enables rapil experimends and
Fmctional interrogation with high bt throughpot, protein produe-
tiam levels may deviale from endogenows levels with eciopic expoes-
sion instead of genome aditing [Lackner stal X115}, To address this
and avoid excemive overproduction of the bait protim [see Fg

Annila Frauenchein et al

evaluate whether normalization of changes camed by bail mirodue-
Han is nequined.

Using MIP-APMS, we achieved 70% sequence coverage for hait
prviEns using a single-enzyme proisn digesfion siraiegy combined
with data-dependent amjuisition. To fuiher inoease sequence
ooverage and map FTMs on bail proleins: even more aomprehen-
svely, additional proteases, eg., chymoirypsin ar Glull, could he
meed. As MP-APMS does not include 2 semnd envichment step,
the method preferentially quamiifies abmndani PTMs on badt ansd
ey moteins.  Dhiguitinylation, neddylstion, and BGylation are
Imown 2 subestoichiometric PTMs and special ochemacal enrich-
menl or M5 methods are mmmemly used for their detection [Kim
et ol 2011; Wagner &t al X11; Busins & al X12; Hansen st al
H1x1). We show that MIP-APMS combined with GhyGly enrich-
ment Boilitzes the bail-eeninc identifmtion of uhiguitindike
mexlification sits, exemplified for TRAFL In the future, the total
mezsuring Gme per sample at 2 mmparable poeomics depth may
be further reduced by using data-independen! acquisifion stralegies
and short LC gradients [Bruderer =t al, 2017, Bache &t al H018).
Reproducibdlity, precision and socuracy of modifie] pepfide guam-
fifimfion may be incressed further by ming isobaric labeling
sirategies a5 opposed 1o LAQ (Hogrebe et al, 2018; Vimeia Winder
et al, 2018},

In comchision, MIP-AFMS provides a versatile platfomm for paral
el and time-resahved determination of PPIs and a1l PTMs of protsin
complexes o all tramsdudble cells. [t quantiatvely resolves
dymamic signaling nelwork topologies and has broad applicability
for the monitorng of srually all oordnaded ntracelnlsr

EV1E}, we employed an engineered weak PCGK p ,
oppmad o the mmmonly used stong cylomegalovims [CMY)

og . Owing #o its concepiual design, emenging hypotheses on
PTM aml PPT imvol vement in selacted signaling cascades are neadily

promoder [(Qin st al XN10). n g 1, we e en ol
proteame - mesuremens 23 desoibed in the coment study o

Materials and Methods

hie by protem mutstion or los of function imped on cellular
phenatypes.

Reagents and Tools table
Reagent or Ressuros SOUTTE Ident] fler
Experimental Mod ez Cefl Lines
Homare HEEZSET AT CRL-IT1E
Humare U537 AL CRL-15533
Reonm binant DNA
CRIEPR werior TSR0 TELAEDD
Gene pynshesis Thes pagper Appendo Table
PLOC s CE Haalthoare Anpendos Takle 5
MG Addgene il 2]
P=PAX fadgene. FLn
Antibod s
Awti-ralint igh, HRP-lnied anstody sl Signaling fart]
GARDH | 14C10) Rabbis mab sl Sign aling nis
Phosphe-pEE MAPE (ThrEE0/Tyrl ST antibody (sl Signaleng @
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Reagents and Tooks table joontinoed)

o lecular Sy=tems Biology

Resgent or Resourcs Smirce dentd fler

ARHCEFLE Sgma HPAD4ESS

MAFIET RLD MAEIOT

FOSE RED WITI4

Bacterisl snd Vine Straln

Cigrial Lemisl WFeB Reposter fuc) Qagen CLsmaL

X11-Biue Commpetent Celis Bglert Tec hnologes ot

Ol o Seot ies

PCR and chosreng primes Thies sTudy Appendid Tabde S1-T4

Chemi s, enzy and other reagent

Blawacidin WrEOgE -5l

o0 plete™, Mind Profease inhibinor ol Sgma LTI DO

DMEM L Techmologes TIEEOLT

P-4 Santa Cr Beoechnology CAS 345087 -34-5

LysC Wl - Themicals D9IIS4L

HE-1DA Ao e Biomoence A310-5

PAMGCSES nivagen fivips

Pazsve: Lyos 5K Bufier P BS54l

Prossop—X0 TRBLETS Sgma AEETIOTL

Phirian Ty Al Pdymarma Naw Engiand Bedats MRS

Poiyrene: Sgma WFES

Podyethylenamine, Lensa, MW 25000, Trarshrson Payschanc s TEGE1

Grde [PEI 5K

PurcaTicin EnarOgEn an-prS

RPMI-LE4D Life: Tachnsioges T4

Seepransl Miarci SOEIT4-SME

Somdernn Santa Orur Beorechinadosy CAS 224451-73-0

Swal Hiaa Engfand Badade RO L

T4 DA lgase meaoson e Maw England Bedate BONGS

Teypsin Sgma TE5ET-Lmg

Crimcad cammencal I35

Drusad 4 gy’ PN Ly Sy Ammem E510

QUARChange 1l XL Tee-Disected Mogen s Bt Agherit FEETL

Ol cheotides

Diges far pLOC donng, Sie-areced muRageness, and Thit paper Bpgeniion Tabke 55

FRNA cloneng

Softwarne and Alg orithms

MaonJaan © oo E Mann, 2008) et e Ty o S e
m

Pamaus {Tyanowa ot o ATLE) vy e e Uy e SR 1 TR Operaenrs

R L1 ey vl r-parcgect cogl

Ggphon (Wil ihaem, 201E) Fpsfioran r-propotong e b par lages/
gEphod fpgiond pof
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Methods and Protocols

Experimentnl design

All experimenis were perfonmed in replicaie. Ko asped of the siudy
was blinded. Sample size was not predeerminal, and no outliers
were exchided from analyses.

Molecular bialogy

Enitry vector design

We masle use of resiriction encyme-free ssmmles ligation doning
exiract [SLCE daning using universal primer pairs fo nser] cading
sequenies of genes from the Preciion Len§RF Collection [pl.OC)
liwary [GE Healthcare] intn targel vectors under the mnirol of 2
madifial weak phosphoghoerate knase [PGE) promoier, minod uc-
ing C4erminal epitope tags ino the enmded proteins [Zhang #t al
H1¥. Our veclor sysiem & compatible with commerdal DNA
mzmbly doning staiegiss such s the NEE Builder platform ar
Gatewsy due to A1l sites flanking the G0ls.

Entry veddars for SLiCE cloning were derived from the plOC
litwary [GE Healtheare}. The vecior s include a bl asticidin resistanoe
casselle for antibiotic-asisied ollblne seledion amd an RES-GFP
for FACS sorting. An efficient entry site jor SLiCE dening of the GO
was infegraisd by SLCE cloming: The arginal pLOC veclor was
PCR-amplified using primers 1 and 2 containing overhangs with a
Swal restriction enzyme [ New England Biolaks] cutting site for plas-
migd lnearization, atil]l X sites for homologous necombinatione
based SLiCE doning, amd a His-GS5G-Flag-tag for GOl epilope
tagegmg. SLCE cloning was periormed a5 previously desoribed
[Zhang et al H1ZX} Briefly, 300 ng of the amplifial pLOC wectar,
110 [v v} SLiCE extract [inchouss), and 1:10 {v/v) T4 ligzse buffer
[Mew England Biolals} was incubated for 1 hat 37°C. Afler incuba-
tion, the SLiCE mixture was used o tramform XL1-bBue bacleria
[inchouese} by heat shock. The transformaris were selecisd on LB
plziss supplemented with 100 pg/ml ampicillin (LE-Amp plates)
after overnight inrnhation 2t 37%C, Posifive climes were idenftified
by sequencing using primer 3.

The CMY promoter in the modified pLOC vecior wes exchanged
for @ weak PCE promoier by SLiCE cloming: the mndifisd plOC
vedor was PCR-amplified uwsing primes 4 and 5 [(ser
Appendix Table 51}, the weak PCE promoter with homalogous: ends
to the modifed plOC veclor was de nowo synthesized [(see
Ampendix Tahle 56), and the two fragments were combined by
SLiCE, as described] before [Zhang o al, 2012). Briefly, 300 ng of the
amplified pLOC vector, 100 ng of the synthesized wmk PGE
promoier fFagment, 1210 [vwv} SLiCE extraci, and 1:08 [viv} T4
ligase buffer [Hew England Biolals]} were incubated for 1 hat 37°C,
After inoubation, the SLICE mixure was ussad to tramsform X1 bhue
bacteria by heat shock. The transformants were selected on LB-Amp
plutes after overnight incubation at 37°C. Pasitive clones. wene iden
tified by sequencing usng primer & [see Appendix Tahle 51), =
above. The ohiained vecior was used in sulsequent d ning sleps 23
an entry wvecior, called plidiC endry wecior [pLOC-PGEweak-C-
HisGEGFlag-BLASTICTINN].

Claning for spitape tagging

Opm-reading frame [ORF) dones were obigined fom the Predson
Lenti0RF Collation. Gl [see Appendix Table 35) were PCR-
amplified from the pl.OC library (GE Healthaare) using the miversal
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primers 7, 8, and 9. The CDS of MAPYET with atil 1 /31412 overhangs
was obiined by gene synthesis [Thermo Fisher Scientific). The
pLOC entry vecinr was digested with the restriction enayme Swal
[Wew England Biclals) asonding to the manufsrtorer's instruc-
tions. Then, 300 ng of lnesrized plOC entry vecior, 100 ng of
amplified GO0, 1:10 [v/v} SLiCE exiract, and 1:10 [v/v} T4 Hgase
tufier [Mew England Biolahs) wereincubated for 1 h at 37°C. After
mcubaiim, the SLiCE mixture was used o transform XL1-blue
haderia by heai shodk. The ramsiommans werne selecied on LB-Amp
plates sipplemented with 10% [v'v) ghiose afier overndght inouba-
ton al 37, Positive clones were identifinl by ssquencing vsing
primers 4 and 10 [see Appendix Tabl= 517,

Site-inected mutageness of seected phosphosites

Par the site-direcksd mulagenesis of the N4emminal TRAFE phospho-
sites angd TRAFX =R mutants, the QUTHChangs I XL sie-dinscied
mnriagenesis Kt [Agilenl) was employed. The sile-dinected msagen-
esis was performed by PCR amplificaion of plC-TRAFE using
speecific primers [see Appendix Table 52), acconding o the manaufac-
turer’s i nstruction.

Molecular biology and pratein purificotion for TRAFZ15615

hinding asays

BG1S, TRAFL, and influenza B virus N51E were clned into pConfy
wertar 23 2 N-terminal His-GET fusion. Plasmids wers tramsdrmead
inio Roseita (DE3} plad cells, grown in TH mesdinm, and expressian
induced with 200pM PTG at Olka 0.4-0.8. After nduction,
culiures were grown for 16 h at 15°C. Cells were re-suspended in
hsis bufler [S0mM Tris pH 80, 150mM Kall, 2mM §
mercapinethanal, professe ishibitor ocda [Roche]) and haesd by
sonication. Proteins were purified in tandem with His- amed
ghitathione resin. Purified prots ns were cleaved overnight with His-
EC PreScission protease at £5C. Fallowing cleavage, the His-CST tag
amd Hiz3C protease were removed by a His pull-down. Proteins
were sither further punifisd by SEC [Supendex 75 107300 CL, GE Like
Sriences) or immedizely buffer exchangsd ino siorage bufier
[50 mM Tris, 150 mM Na(l, 2 mM DTT). Proieins wene concen-
trated amd lash- frozen in liguid nitrogen.

Cell Bolagy

Cell aulrure

LB37 oells [CRL-1592 X} were punchased from the ATCC, The olls
were cubured amonding to the manufacturer’s instructions, in
RPMI-1640 medium [Life Technologies) supplemental with 100 U7
ml penicillin [GIBCO), 100 pgfml streptomypcin. [GIBC0), and 10%
[v/v} heat-inactivaied ketal bovine seun [GEBCO complste RPMI
mesfinm |. The cells were inouhadsd at 373C under 5% 00,

HEF221T cells [CRL-A216) wene purchased from ATCC. The cells
were culured amomding 1o the mandachrer's instuctions, in
DMEM [Life Techmologies) supplemented with 100 Ujm] peniclin
[GIBCO), 100 pgfmid streplomycin [GIBOO), 1x Clutamay (GIEBCO,
and 10% heatinaciivaied fetal bovine serum [complels DMEM
mestium}. The cells wene incubaded at 375C under 5% 00,

Primary human monooy tes were obtzsined by culuring primary
human monocyies enviched from buffy coats asdesoribed previowsly
[Rieckmumn et al, 2017). Primary human mscrophages wene dif-
ferentisted in RPMI-1 680 medium [Life Technologies) supplemenad
with 109 Uyml penicillin (GIECOY, 100 pg'ml strepomy dn [ GIECO),
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10% [v/v} heat-inaciivated fetal bovine senom [GTRCOO), and 50 ng/f
ml M-Csf, The cells wereinmbaied at 37°C under 5% Ci0y.

NExl reporter cell nes

U937 cell lines wene translumed with Cignal Lenti NFal-reporter
cmziructs [(Magen) according {o the manuhdurer's instructons.
The iransiudants were selecied in the presence of purompcin
[5 pg/mi) for 14 days toestablish stable cdl lines.

Cell lines for epitope-togged bait proteins

Far lentivines production, HEKMAT cells [2 % 10% one Sx-well)
wene transfecied with sequence-validated pLOC-G0 vectors using
palyethylensimine [Polyscienoes} == a transfsciion resgent. Helper
plemids pMD2.G, psPAX, and the plOC vecior harhoring the GO
were combined in 2 ralio of 121,52 Afier 4-h incuhation in complete
RPMI medium 2t AP0 under 5% 00;, the iransfecion mix was
remaved and fresh complete KPM] malivm wes added. Lengiviral
supermaiant was colleded after £8-h incobation at 37%C under 5%
OO, eentrifuged [S00 g, 5 min), Ghered (045 pm), and =supple
menisl with § pgfml palybrene [Sigma). Then, the vins (oomplete
supematan of one sixwell) was added to 02 Mio U7 cells or
11937 -NFEE Reporter Cell lines, incubated for 4 h 21 37°C wnder 5%
O, blowing which fresh medium was added. Selasction pressume
with blasticidin [10 gg/ml; Invivagen) was introduce] afier 48 h
The cells were ariuned for » wesls under the selsctive pressime
and then directly used in MIP-APMS experimends.

Tramductiom of primary human masophag s was perbomed 2
previously described [Berger 2t al 2011}, In short, 10 Mio macno
phages were tramsduced with a mix of YPE-¥ips and plOC lenti-
virus [viv, 50%) in the presence of polybrene (8 pgfmil}, inobadesd
for 4 h at 37°C under 5% CO:, following which fresh meslium was
added. Cells were harvesied after 72h and then dineclly used in MIP-
AFMS experimenis.

HEK2Z3T [10 Mio) cdb were ramiecied with pLOC-MAPE 14
HisGEGTFag or pLOC-MAPE] £-5tnep wing poly sthylensimine [Pohe-
sCienes) a5 a transfection reagen. After 4-h inwhation in complete
DMEM mediom a1 37°C under 5% O0;, the transfecton mix wes
remaved and fresh complete DMEM medium was added. Cells wene
harvested afier 72hand then directly used in MIP-APMS, Flag-M5,
ami] Sirep-MS expeniments.

TLR2 activation af LSAF cells

Cells [5 Mio suspemsion) were seeded in deepowell 24-well plates,
with one plate was wed per oell line. TLRE aclivation with
PAMYMSES (0.5 pg/ml; Invivogen) was performesd] in 2 reverse Sme
omurse and in quadruplicate, oo 3, 15, 5, and 0 mn &t 375C under
E% COy. The 0 min time poind was nol reisd with PAMICERL,
The cells were harvestsd by cenivifugation and flesh-frozen amd
stoned 2t =80°C until MIP-APMS .

Dirug mode of action on MAPKIY

Cells [5 Mig) were seaded in despowell 24-well plates. The cells
wene tnexted with MAPE 14 inhits [sarafendh: 10 g ; skepd

L: 80 nb; and JX-401: 10 pd) for 2 h at 37%C under 5% O0: in
quadnuplicate. nhibilor-treated cells and ocmirals either harvesded
directly or were acivated with PAMICERES (P304, 0.5 pgiml;
Imvivogen) for 3 min &t 37C under 5% O00:. Cells werne harvesded
by centrifugation and frozen imtil MIP-APMS.

o O Thee Aur i
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CRISPR kmodkout experimerts were perinmmed to identify potential
movel interacions of MAFIKT? [s=e Appendix Table 53). For effeciive
delivery of gRNA and Cas9, the transEDIT gRMA Plis Cas9 Faopres-
smn vechor with blstiddin was pundhased from Tramsomics. Far
the experimeni, gRNAs were designed using the web ioal CHOP-
CHOP [labun & al 316} and coned into the ransFET vedar
aoconding to the manufaciorer's imructims (the primer st is
provided in Appendix Table 53}, Yo for sach gRNA was produced
o explamed above [Cell Lines for Epitope-Tagged Bait Prodsims].
The T937-KFuli reparier cells were iransdueed and  oo-seleded
using punmm yoin [5 pgfmil) and Wasticidin (10 pgfmi) 3 3750 under
E% OO

Ludiferase rparter asay

LB 37-NFeh reparter el (5 x 10% were sseded in quasduplicaie on
the day before the exgperimeni. The odls wene activaied with
PAMACSKS (05 pg/ml; Imvivagen) for 6 h and harvested i pasive
hsis buffer [Promega). luminescence of Renilla hdierase was
determined in a dual-hiciferase reporier assay (Promega), aoonding
o the momufaciurer's instrudions, using a micoplaie  resder
[Tescam}.

Biochemistry
Wiestérn hiags

One million U937 cells wene stimulsted, washed in PES, and lysed
in bufier (4% 505, 40 mM HEPES [pH 7.4, 10 mM DTT] supple-
menied with professs ivhibiors [Sigma-Alduch, £6593159001]).
Samples were centrifuged [ 16,000 g, 10 min}, Li-104 sample bufir
was alded W0 2 final concentration of 1%, and the supemaiant was
incubated (5 min, 95°C). Proteing wene separated an 12% Nowvex
Trisghwcine gds [Thermo Fisher Sdentific, XPO01 XB0X) and rams-
fered omo PYDF membranes [Menck Millipore, 1PYHO00I0} or
Nitrocellukse membranes [Amersham, 10600002}, Membranes
were Wocksd in 5% BSA in PRST, and antihodies were diluisd in
2% BSA in PBEST. Antibodies wed for immunoblotting wene s
iollows [divted 1:1000) phospho-p3s MAPK [Thril 80/ Tyrl &2}
antibody [Cell Signaling, 9211}, GAPDH [14C10) rabbit mAh [Cell
Sigmalling, X118}, p3&8 MAPK [R&D, AFS691), ARHGEF1S [5igma,
HPADMBERY), MAPIKT [RED, MARSAIT), POSE (R&D, AFXX 4} and
anfrabbit IgG, HRPdinksd antibody [Cell Signaling, 7074}

His-AMAC enrichment

Frozen pellets of 19 coll lnes with bait protsine containing 9x
Hizdags m deepewell 24-well plaies were defrmied (5 man, 37°C).
The cells were re-nispended in 500 @ of lyss bufier (10 mM
HEPES [pH 7.5 Giwm], 50 mM K2l [Sigma], 20 mM imidazale
[Hgmal, 005% NP4 [Thermo Fisher], 1 mM Mgl [Sigmal,
S0 U/ml bemonzse [in-house], projease mhibiiors [Roche, 1
tahls per 50 mi|, and phosphatase inhihiors [Roche, 1 tahlet per
50 mif), incubated for 15 min on ice, and cleared by cemtrifuga-
fion {500 g, S min, 4£%C). Supematanis were amiered fo desp-
well 96-well plates alrexdy contzining squilibrated ME-ADA beads
[enaBiaScience GmbH, 50 gl shory per welll, The plates were
incubated 21 4°C for 1 h, shaking. The bheads were washed tlres
times: (10 mM HEPES [pH 7.5], 50 mM Nadl, and 20 mM imida-
mole}, and the supematmi was removed compleiely  hefoe
pracesding.
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Flag-enrichment

Prozen pellsts of HEE293T-MAPK14-HsGSCFlag [ 1xPlag) and
omirol oell ines were defrostesd (5 min, 375C). The cdl wene me-
sispended in 830 pl of lyss buffer (10 mM HEPES [pH 7.5; Gibool,
50 mM Na(l [Sigmal, 0.05 % KP-40 [Thermo Fisher], 1 mid MgCl,
|Sigmal, 50 Ufml benmonase [in-house|, prolesse inhihitors [Roche,
1 tzhl=t per 50 ml], and phosphatase inhibitors [Roche, 1 tablet per
50 mil}, inubated for 15 min onice, and cearsd by oenirifug afion
[500 g, 5 min, £°C). Supematanss were iansfemed (o deepowell 96
well plates alrmdy containing equilibrated anti-Flag M2 agarse gel
[Sigma, 50 pl shery per welll. The plates were inouhaded af £°C for
1 h, with shaldng a1 ower 1 500 rpm. The beaxds were washed thoee
time=s (10 mM HEPES [pH 75], 50 mM Na(l} and the supematan
was remaved mmpleiely belnne procesding .

Srrep-ennichment

Frozen pellels of HERX2IT-MAPEI4-Step (1x Strepizg 0) and
comimal cell Enes werne defroied (8 min, 37°C). The cdls were re-
sispendesd in 500 g of lysis buffer (10 mM HEPES [pH 7.5; Giboal,
50 md K2l [Sigma], 005 % KP-40 [Thermo Fsher], 1 mM Mgl
|Sigmal, 50 U/ml bemonass [in-house|, prolezse inhibiiors [Roche,
1 tablet per 50 mi], and phosphatase ichibitors [Rodhe, 1 tablet per
51 mil}, incubated for 15 min on ics, and cleared by eeninfogation
(500 g, 5 min, $°C). Supematants were iransfemsd (o deepowell 96
well plates alrexdy contrining agquilibrated MagStrep “hypel” baxds
[ba, 50 pl shumy per well). The plates wene inmbaded at 4°C for
1 h, with shakdng 2 over 1,500 rpm. The beads wene washed three
timees. {10 mb HEPES [pH 7.£], 50 mM Na{1), and the supematan
was remaoved mmpleiely befone procesding with sample prepara@on
for onvhemd digestion. For dution, beads were incubaded with 50 pl
1x buffer BXT [[BA Lifesciences) and purified proteins wene shited
at room temperatune for 3 min with constant shaking a1 1,100 rpm
on a ThermoMixer C incnbator a5 desorbed previously [Gondon
et al, ). PFroportional amount of besxd and eluion were
amalyzed.

Combination af MIP-APME with GheGly enrichment

We wmed 500 Mio TRAFZ-U9I7 oells and performesd Has-IMAC
enrichmen! a5 described above adjusted for higher input The
sample was digesied 25 explained below inder sample preparation.
Peplide desalting was performed on SepPack C18 columms as per
the mamfscurer's mstmction. Afer elution, peptides were hophi-
lized overnight. The hophilized smple was reconstitued m 200 pl
cold immunosfinity purificaion buffer (TAP; 50 mM MOPS, pH 7 2,
10 mM NaHPMY, 50 mM Kalll Por the ennchment of &Gy
remnant containing peptides, antihodies of the PTMScan™ Uliguitin
Remnant Motif [K-2-GG) Kit [Cell Signaling Techmology [CS5T] werne
first cremwlinked 0 beadsh. For this, one vial of antihod ycoupled
beads was washed three Simes with 1 ml cold cross-linking buffer
[100 mM sodium tdrabarate decahydrate, pH 2.0), blowed by 3
min incubation in 1 ml cross-dinking buffer (20 mM &methylpimip
imadate in orsslinking wash buffer) for 30 min 2t room empera
e and genfle agitation. Afler two comsecgive washes with 1 mil
cald quenching buffer [200 mM ethanolamine, pH 8.0} and 2-h
incubation in 1 ml cold quenching, ooslinked beads were washed
three times with 1 ml mld 1AP buffer and 17524 was immedixiely
usesd for immamaoaffinity porification. For this, peptides wene added
to cmesinked antibody beads and incubated for 2 h 2t 450 under
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genile agitation. Afier incuhatinn, besls were saquentially washed
two Gmes with cold 1AP buffer and Gve fimes with mbd ddH 0 in
GF-5tageTips. Thereafier, peplides were elued twice with 50 pl
0.15% TFA into S5DB-RPS StageTips, Buted pepides were loaded
o sativnery maierial and washed onoe with 200 g 0.2% TFA
and once with 200 pl 0.15% TFA/ 2% ACH. Peptides were eluted
fram SDE-RPS StageTips with 60 pl 1 25% s hyd rocide
[WHOH) /80 % ACKN and drisd using a Spesd Vac enirifuge [Eppen-
dorf, Comcentrator plus). For mass spectromestry, dried pepfides
were resuspended in 9 pl A* [2% ACN,0.1% TFA)

Anahtical siz-saheion chromatography hinding assays

Rinding assyys wene perfarmed with 15G15 [1-157 22} and TRAFZ
variamis [1-185 a3} on a Vanguish HPLC systemn [Themmo Fisher
Scienfific} wing an AdvanceRin szeexchmion chromatography
columm [Aglent Technologies ), As a positive contral fbr 15515 bind-
ing, the mivenza B virus N5 1B protein (1-103 &) was wed. Prior
o analyfiml sizing, the column was pre-sqoldraied with SEC
tuffer [SOmM Trs pH 75, 150 mM Nall, 2mM DTT). I5G1S
[30 pM} was mixed with TRAFE variants or NS1B [25 pM} prior 1o
injectim on the mhumn. Practions wene mixed with 506 sample
buffer and resalved on a 4-20% gradient SIS /PAGE Geb were
visualized by Coomassie slaining.

Quaontittive proteomics analysis

MUP-APME sample prepa ratian

After His-IMAC, the beads were resispended in 50 pl of § M ooz
anid 40 mM HEPES [pH 8.0). Ly=C digestion [Wako, 0.5 pg/gl, 1 g}
was performed for 3 h st moom femperatune - X5°C [with shaking,
1,500 rpm). Aferwand, the samples were diloted [ 196) with water
amd digesied with trypsin [Sigma; 05 pgfpl, 1 pl} for 16 b (room
emperatre, with shaking, 1500 rpm). The digesls wene centri-
fuged [5 min, 534 g}, and the supematanis wens iransfemesd {0 new
rwdl plates. Cysisines were meduced by the addition of dithio-
threitn] [1 mM, mom temperature, 1500 mpm, 30 min), before
procesding to cysimine alkylation wih dodoacetamide [55 miMd,
mom  femperature, 3 min, daok). Exess odoacelamide was
quenched by adding thiourea [100 mM, room temperatune, 10 ming
mior 0 addification for peptide desalting with triffuoroacetic acid
[TFA; final concentration: 1% v/v). Peptides wene loaded onin C18
SlzgeTips [EmporeTM, 1WA-Analysentechnik). They were then
shited with 80% ascetonitrile, drisd using 3 SpesdVac, and e
suspended in 2 sahtion of 2% aceonitrile, 0.1% TFA, and 0.5%
acetic ackd.

Whols-proteame M5 s1mple prepanation

Cells were lysed in SDC-Adysis bufer and digested with LysC and
trypsin, a5 desoibed previously [Kulak et al, 2017). Pepfides were
desalted o stecked paly[styrene-divinyhenzens} neversal-phas=
sulfonate plugs and ehied with 3 mixtue of 5 % sostonitrle, 19%
dd 0, and 1% ammonia. MS measurements were performed in
replicate [n = 1} using {} Exadive HF [Therma Fsher Scendific).

LE-AREAIE

Peptides were separated uwsing an EASY-nLC 1300 HPLC system
[Therma Fisher Scentific) coupled online 1o the ) Exactive HF and
) Exactive HF-X mass spectmmesier via a amnelectrospray sounoe
[Thenmo Fisher Scientific), 2 descrbed before (Scheltema & al
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2014; Kelstrup &t al 2018). Peptides were loaded in bufler A [05%
formic add} on in-house packed mhomns [75 pm imer dismeter
and 20 om long; packsd with 19-4m C18 partides from Dr. Maisch
CmhH, Cermany}. Peptides were slied using & nonlinear 25-min
gradient af 5-60 % buffer B [80% acetnnitrile and 0.5% formic acid)
al a fow rae of 300 nl/min and a cohrmm temperatune of 55°C. The
aperational parametes wene momitored in real-dime by using the
Spray(C software [in-house) [Scheliema & Mamn, 2012}, The §
Exaclive HF and { Exaciive HF-X were opersted m a dats
dependent amjubsifion positive mode with a sarvey s@n range of
Z00-1,680 mfz and 2 resalution of 60,000-120000 2t m/=z X0, Up
ta 15 mosi abundant isniope pattemns with a chage of > 1 were
isnlated using 2 1.8 Thomsnn [ Th) solstion window and subjectesd
to high-energy collisinal dssociation ragmentation at 2 nonmal-
ized collsion energy of 17, Fragmentation specira wene aodquinsd
with a resolution of 15000 &t mfz 200, Dymamic exclusion of
sequenied]  peplides was =t 0 M5 o noduce repeaxted peptide
argjuenaing. Thresholds for ion injecton fme aned fon targel values
were set 1o 3 ms and 3E6 for the survey scars, and 55 ms and 1E5
for the M5/MS scana. Dada were acquired using the Xealhur soft

Guantification and stotistical analysis

Peptide identifcation and LO-AMSRES data analysis

Mazx(hom! software [version 1.53.16) was mad 1o analyze MS raw
s, MEMS spedra wene seanched agzinsi the humom Uniprot
FASTA database [version July 3015, 91 5645 entries) and a2 commem
omiammnants daiahose (247 enines) by the Andromeds seanch
engine [Cox & Mann, 3008}, Cysteine carbamid b
3 2 3 fivesd mandification, and N-4erminal scetylxtion 2m meethion-
ine oxidation were set 23 varishle modif@tons. To identify and
qumify phosphorylnion, scetdation, and methylsion, varishle
madi fation search was onsecutively periormesd. Ereyme sped-
ficity was 3¢d to trypain, with a maximuom of two mised ceavages
and a minimum peptide length of seven amino scids. FOR of 1%
was applial at the peptide and protein level. Peptide identification
was performed with an allowed initial precrsor mes. deviafion of
up to 7 ppm oand an allowed Fagmen mas deviation of 3 ppm.
Nonlinear refention time alignmeni of all aalyoed samples was
periommed ming MaxQuani. Peplide identifications were madched
armoss all mmples within 2 Gme window of 1 min of the aligned
refention limes. Prolein identification required at leasd one “razor
peplide” in Maw(Quan. A mindmum ratio count of 1 was requined for
vahd quanfification evenis using the Max(uant's PO algorithm
M axl PY). Data were filtensd for the presence of common oondomd-
nants and pepfides andy identifisd by site modification, and hits o
the reverse datshase [Cox & Mann, 3008} wers exchided from
Far theer amal ysis.

Deperndent peptide in MaxiQuani malyss was periormed o
analyze unhizeed PTMs on MAPKI4 with standand porameiers
[FOR < 0.01, Mzss bin size 0.0065 Da). Far TagGraph analysis,
seuenee mierprelations were first analyzed with the de nowo
search engine Peaks. Pesks analyss was performeesd with 10 ppm
precrsar mass talerance and 0.01 Do frag men moss: i0lerance (Ma
et al, 2003} . Tag Graph analysis was perfonmed using human Uniprot
FASTA daizhase [versiom July 3015, 91545 eniries), with FDR
culnff of 0.1, and all other setings remained o0 mchangesd =
present in the sofwane disinibution,

ylation was
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Intemctor miling

We miegrate differences in mismilty and sbundance 25 described
hefone [Keilhauwer =t al, 3015} We employ an AE-MS workflow with
guantitative M35, which means that we use not only the information
for profein identification but 2lso for protein quantfication for post-
experiment misraclor @ling. To determuine which prodeins ane
subsiantially enriched [ie., bait and prey podsin}, AE-MS employs
stamdard siatistical sting (i-lesi) with 2 muoltiple hy pothesis omec-
fan [FDR 0.01 for muliple hypothesis sfing). In detxil, each guan-
tifiex] protein had to be idemtified with more than one pepfide amnd in
mumre than §0% of replicates of at leasd one o=l lne fo be comadensd
valid, Progein LF(} intensities wene log-transirmed 1o the base of 2
and missing values imputed from 3 random normal disrhasion
cemered on the delsclion Emit (width =03, Down Shift1.8).
Samples were clustersd by 1ming Pearson comelation inio different
cmiro] groups in the Perses enviromment leading 1o thres separais
groups  (see Fig EVIK). To identify the inkeradors, a two-tziled
Student's tdest [permudation-beses] FDR < 001 with 250 rangdom-
izations, enrichmend > X} with a minimum of 10 valid values in the
frst group was performed in the Perseus environment, using all
ather cell lines in the respecfive control group [Tyanova et al
H146). Here, the baits were loaded a5 first group and second group
mexle was seleded 2 “complemen!®. Sgnificnt interaciors were
campaned {0 the STRING and Biogrid datshases [Seklarceyk et al
A1 5; Chatr-Aryamoniri & al 32017} and overlaps were denoted in
the Figs.

SAINT analysis wia o pome

MAPEI4 Hs IPs and controls (1937 transducel with His-Tag)
were performesd] in miplicxes and wploadal o the SAINT-hesed
2013). As Experiment Type, we acleded single-siep cpitope g
APMS and spedral munis 23 quantitdion Type. As external
omimls, we sclecied PEMC [cdlffimue type)l, agarose [affimty
suppor]), and {f Exaciive [Instrument type). The primary empiri-
cal fold change score [FC-A} was calculsiesd by wer conmls
using average §or combining replicates  [number of vinwoal
omirols = 10}, The secondary iold change soore was caloudated
by all conirol [uSer + exiermal contob) usng geometric mean
fr combining replicaies [number of virhml contmls = 3}, The
probahilstic SAINT Score was calculated by wer omimls [om-
himing replicates: aversge) and 10 virtual contmols. Sami opfions
were 2000 ndarn, 4,000 ndter, 0 Lowhlode, 1 MinFold, and 1
Mommiatine.

Analysis of dynamic PTMs and PP

Prior 10 the analyss of dynamic PPs, LFQ intensiti=s of significani
interacars of each replicaie were nommalized to the LRQ intemsities
af the respective bait prot=ins i avoid loaxding anifacss.

_ LFQ insensity (grey ~ pratsin)
P intens sty (hait - profan) -

LF(} ~ intensiiy(prey - protem)

A evtailed Shifemts dtest [Paahee < 0.05) was performed on
the previously identified sSgnifioni mterackors comparing un-
activaled mndifions versis activaied conditions at different time
points. Significant dynamic preys wene reporied with an asierisk in
the heatmaps.
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Conversely, intensifies of modifisd peptides of each replicate
were nommalized to the intemsily of the nesprective probein infensity
1o decnexse the iobl coefficient of variafion. PTMs that had valid
walues in at leani 3 replicaies of ot least one tme poind were consid-
ered for the analysis. No impataiim was per brmed.

Intensity [madified pepideofprotein X ooy =

Intermity{madified pepfide of prowinX)
Irtensi ty [protein X) ’

A two-gided Stiefent's Hest [Povalue < 0.05) was performed on
the previowly identified signmifiont interaciors amd  modified
peplides, respectively, comparing un-aclivaisd ocondifions versis
activated conditions ai different tme points. Significant dynamic
preys, PThs were reporied with an asterisk in the heatmaps.

Unsuperuised dlustering

Imensifes of dynamically regulated PPl [357) and PTME [178)
upon TLR 2 activation were filtered for at least 70% valid values
andd mormalizel per time point [PPE to bail proisin indensity and
PTME 0 profein miemsity of the modifisd proiein as explaned
ahove). The median of each ime point was calmlaied and then 2
soured, Pearson comelation was @loul zied between aach of the PPE
angd PTMs, and nesulis were visualized by hisranchical clustering.
The data were clusterad and madian z-scored mimsites [confidence
inderval: (.95} wene plotted agxinsd the fime course of TLR2 acfiva-
tiom [method = loes, y ~x). N shows the mmmber of PPsFThs
oo respamniafing i each chisder.

Analyic of uhole-proteame doto

Full proteomes were messured in fiphicais as desoribed under
pepide identificaion and LC-MS/M5 data analysis. Diata were fil
{ened for the presence of commem contaminands and peptides only
identified by site modification, and hits to the reverse daiabase (Cox
& Mann, 2008} were sxchided from further analyss, Az 2 neguine-
me=nt, each quantified protein had o be identified with mane than
one peplide and in more than 0% of replicates of 21 least one cell
line to be considered valid Prolein 1F) miemities were log-
tramsformed o the base of 2 and missing values impuied from a
random mormal detriniion eniensd on the defedion nnt [widih =
0.3, Down 5hifi:1 8} To identify diferentially expressed protein
between wildty pe and tramsdueed cell lines,; a two-txiled Stodent's &
test [permatafon-hased FDR < 005 with 280 randomizations,
enrichment > 2} with a minmum of two valid valies in the Grs
group was performesd in the Perses envinommend, osing all other
cell ines in the respective comtmol group [ Tyanova e al, 2016}, Copy
numbers were @lodated with the Perseus Plugin Proteomic Ruler,
which nommalizes protein imensity to the molecular mass of each
protein [(Wikthewsld & al 2014).

Data availability

The mas spectimmetry proteomics data have been deposited o the
Proteomechange Consortiun via the PRIDE pariner nepasitary with
the datsel ientifier PXD0I09%S. The daizsets produced in this
shudy are available in the bllowing datshase: hitps ffwww shiac

wkfpridef
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Projet sccession PNDO10996 (hitpy:/ fenww.ehi ae ukyfpride fanc
Thiwee/iponerj et s PO 10 996 ).

Further information: and requesis for resouness and reagents
should be direded to and will be fulfilled by the Land Contact, Felix
Mieissner [ flix, metsner@umn -bamnde).

Expanded View for thes amecle 5 avadable onlne
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4.2 Project 2: Revisiting signal peptide cleavage by neo N-terminal peptide meta-analysis

Signal peptides play a key role in protein targeting and protein translocation. They are short N-terminal
peptide sequences targeting proteins to secretion or specific organelles. Signal peptide cleavage is
mediated by enzymes calls signal peptide peptidases, which leads to the post-translational modification

of the N-terminus of proteins harboring signal peptides.

Typically, signal peptide cleavage is computationally predicted using algorithms such as SignalP, as
experimental approaches are frequently time consuming and focused on a single protein. Enzymatic
digest, i.e. by signal peptide peptidases, is expected to result in non-tryptic peptides that can be identified
by semi-specific digest search algorithms. | present a proteomics meta-analysis workflow for investigating
signal peptide cleavage in previously reported datasets by analyzing the global results of N-terminal semi-
specific search. | combined the spectral information from over 30 distinct MS-based proteomics datasets
covering over 13000 rawfiles in order to identify signal peptide cleavage sites. In total, | found 1315
SignalP-predicted signal peptide cleavage sites in human and murine tissues, which more than doubles
the amount of experimental evidence now available for these two species. Notably, | identify 412
additional cleavage sites near the expected cleavage site (-3/+7 aa). A significant challenge is
differentiating genuine SPP cleavage sites from random sample preparation or non-SPP enzymatically
produced neo-N-terminal peptides. Here, | show non-linear occurrence of neo-N-terminal peptides
around the predicted cleavage site of proteins containing signal peptides. My investigation of functional
annotations for proteins classified into several cleavage categories depending on mode and number of
cleavages show that signal peptides from cytokines, growth factors, developmental proteins, and
differentiation proteins are cleaved as predicted. Additionally, transmembrane proteins have either a
single predicted cleavage site or an alternate cleavage site in the vicinity of the predicted cleavage site. |
observed sequence motifs aligned to the predicted cleavage site varied between proteins with

conventional and alternative signal peptide cleavage. Most notably, | show alternative cleavage for a
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subgroup of proteins that have a glutamine in the expected cleavage site at position +1 and a proline in

the predicted cleavage site at position -1.

| present experimental MS evidences to retrain the SP prediction model, which is based on over 700
proteins with novel experimentally identified SP sites that match the anticipated cleavage site. Alternative
cleavages — which are more prevalent in transmembrane proteins —imply additional processing at unique
consensus sequences and can be used to extend the SP prediction model. | anticipate increased prediction
capabilities for signal peptide cleavage from the algorithms, particularly for transmembrane proteins. To
make our signal peptide cleavage meta-analysis data easily accessible, | devised a searchable database. A
similar meta-analysis could be conducted in the future for more species in order to obtain stronger and

more extensive experimental evidence for signal peptide cleavage in other organisms.

This work is currently unpublished and a manuscript is in preparation. | have conceived the project,
designed the data-analysis and interpreted the data together with Felix Meissner. Furthermore, | have
developed all algorithms used to study signal peptide cleavage and prepared a first draft of the
manuscript, as well as the script for the interactive shiny app. We aim to collaborate with S. Brunak and J.
Armenteros to integrate the results about alternative signal peptide cleavage into SignalP before

publication.
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Proteomics meta-analysis identifies distinct N-terminal processing
requirements for signal peptides of functionally divergent secreted
and transmembrane proteins

Annika Frauenstein & Felix Meissner

4.2.1 Abstract
Proteins with cell surface or extracellular functions contain N-terminal signal-peptides that are processed

post-translationally by signal peptide peptidases (SPPases). As experimental evidences for cleavage
positions are incomplete, computational algorithms are commonly used to predict the neo N-termini of
processed proteins. Here, we exploit the unexpected observation that proteolytically generated neo-N-
terminal peptides can be identified systematically in shotgun proteomics datasets through tailored mass
spectral search algorithms. We reanalyzed more than 13,000 human and mouse mass spectrometry (MS)-
based proteomics raw files and systematically compared MS-detected cleavage sites to predictions of
SignalP. Our analysis reveals SPP cleavage of more than 1300 proteins, 700 of which without prior
experimental validation. Intriguingly, in addition to predicted canonical SPP cleavages, we identify
alternative cleavages within +6/-4 amino acids of the canonical predicted site on more than 600 proteins.
Proteins with canonical and alternative cleavages are functionally distinct and can be attributed diverse
signal peptide consensus sequences. We describe canonical signal peptide cleavage for cytokines and
proteins involved in development, whereas alternative cleavage is observed for transmembrane proteins.
Our proteomic meta-analysis experimentally verifies and further characterizes signal peptide cleavage for

the first time, globally, and opens novel opportunities to further explore protein N-terminal functions.

4.2.2 Introduction
Proteases hydrolyze peptide bonds in an irreversible post-translational process, which frequently alters

the protein's structure and function [232]. Approximately 3% of human protein coding genes are
predicted to encode proteases, which are categorized by their catalytic mechanism [233, 234]. Signal
peptide peptidases (SPPs) and signal peptide peptidase-like proteases (SPPLs) belong to the aspartyl
proteases [249-251] and are intramembrane-cleaving proteases with a conserved Y/FD and GxGD motif
in the catalytic center [247, 248]. The physiological importance of SPP/ SPPLs is highlighted by their
evolutionary conserved presence in eukaryotes such as fungi, protozoa, plants, and animals [247-249]. In
mammals, five members of the SPP/SPPL family (SPP, SPPL2a, SPPL2b, SPPL2c, and SPPL3) with different
subcellular localizations are classified [252]. Typical SPP substrates include signal sequence-derived signal

peptides [257], but other SPP/ SPPL substrates have recently been identified, including type I
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transmembrane proteins without predicted signal sequences, such as TNF-a [250] and CD74 [258, 259].
Signal peptides are located at the N-terminus of nascent proteins (e.g. membrane proteins, secretory
proteins) and are cleaved co-translationally in a multi-step process [260]. Signal peptides facilitate the
ribosome nascent chain (RNC) targeting to the ER the translocation initiation across the ER membrane
[311]. While signal peptides harbor diverse primary sequences, they are composed by a strict tripartite
structure: (1) a cationic N-terminal region (N-domain), (2) a hydrophobic core region (H-domain)
containing at least six non-hydrophilic amino acids, and (3) a polar C-terminal region containing the signal
peptidase cleavage site [262]. Primary sequence variation of signal peptides can affect the efficiency of
protein targeting, translocation, and signal sequence cleavage and thus impact protein expression and
function [267, 268, 312]. Hereditary diseases with decreased protein expression (e.g., Classic Ehlers-
Danlos Syndrome [263], Crigler-Najjar Disease [264], Hereditary Angioedema [265]) are associated with

mutations in the signal peptides, specifically an injection of a polar amino acid into the h-region [266].

Bioinformatic methods have been used extensively to predict signal peptides and the subsequent protein
subcellular localization [313]. This includes both (1) distinguishing signal peptide-containing proteins and
non-secretory proteins and (2) predicting the apparent signal peptide cleavage location to determine the
exact N-terminus of the protein. Prediction algorithms have evolved in tandem with methodological
advances in bioinformatics, beginning with basic statistics and weight matrices and progressing to the use
of artificial neural network algorithms, hidden Markov models, support vector machines, and deep and
recurrent ANNs. To date, the majority of signal peptide cleavage sites have been predicted rather than
experimentally confirmed. Experimental verification of signal peptide cleavage sites usually involves small
scale single protein centered studies in combination with Edman degradation or mass spectrometry to

elucidate the N-terminal primary structure of individual proteins [314-316].

Tailored experimental approaches based on the negative or positive biochemical enrichment of neo-N-
terminal peptides [317, 318] have identified up to 100 signal peptide cleavage sites in single datasets [319,
320], however comprehensive proteomics investigations have so far not been conducted. As signal
peptide cleavage is efficient and generates up to 10% of all neo-N-terminal peptides in cells, we
hypothesized that signal peptide cleavage sites should be readily identifiable from standard shotgun

proteomics datasets without prior enrichment of neo-N-terminal peptides.

Here, we devised a proteomic meta-analysis strategy, to identify signal peptide cleavage sites from
standard label-free proteomics shotgun data deposited in the public domain. We re-analyzed more than
47 datasets, comprising more than 13,000 raw files of human and mouse origin and systematically
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compared the outcome to SignalP prediction. We report spectral evidence for signal peptide cleavage
sites in over 1300 proteins, as predicted by SignalP. This is the first experimental verification of the
predicted canonical cleavage site for over 700 of these proteins. Proteins with canonical cleavages were
enriched for cytokines, developmental proteins and proteins involved in differentiation. Interestingly, in
addition to the canonical signal peptide cleavage sites, we identify novel cleavages on more than 600
proteins within +6/-4 amino acids of the canonical site, which we term ‘alternative’ cleavages. Alternative
cleavages predominantly appeared on membrane, transmembrane, glycoproteins, isomerases and
hydrolases, whereas alternative cleavages occurred on proteins containing immunoglobulin regions.
Proteins with canonical signal peptide cleavage sites are more likely to contain a Sec/SPI signal peptide
(SignalP 5.0) than proteins with alternative cleavages. 800 of the proteins harbor more than one cleavage
site in the analyzed cleavage window. Systematic evaluation of cleavage site probability and measured
Neo-N-terminal peptide intensity, revealed distinct consensus sequences for predicted versus alternative
cleavages. In summary, our meta-analysis enables previously unprecedented experimental verification of
signal peptide cleavage from proteomic datasets and reveals intriguing insights into signal peptide

cleavage.

4.2.3 Results
Currently, less than a quarter of predicted human signal peptide cleavage sites are verified experimentally

according to Uniprot, due to the absence of systematic strategies to detect them (see Fig.1A,
Supplementary table 1). As efficient co-translational signal peptide cleavage [321] by SPPs generates
proteolytic protein fragments, we hypothesized, that these might be detectable in proteomics datasets
without prior enrichment (Fig. 1B). As a result of SPP cleavage and conventional protease-based (e.g.,
Trypsin) digestion used in shotgun proteomics, unique peptide fragments are generated, that can be
identified by tailored database searches. Instead of a standard and specific search for tryptic proteolysis
on both the N- and C-terminus of the peptides, we explored the a semi-specific search option on the N-

terminal and a tryptic cleavage site (e.g. Trypsin: K/R) only on the C-terminus in MaxQuant [60, 62, 322].

We applied our strategy and analysed more than 13 000 rawfiles originating from 6 murine and 41 human
datasets (in total: 47) deposited in the public domain. We detect canonical signal peptide cleavage sites

in 1300 proteins and alternative cleavage on more than 600 proteins.

4.2.3.1 Localization of neo-N-terminal cleavage sites
Next, we studied the localization of neo-N-terminal peptides in relation to the predicted signal peptide

cleavage site by SignalP 5.0. Most cleavages of neo-N-terminal peptides were localized directly at the
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predicted canonical CS. Interestingly, there was also an accumulation of cleavages in the direct vicinity of
the predicted cleavage site. Most of the not predicted cleavages (75% percentile of neo-N-terminal
peptides) occurred in a window of —4 and +6 (-4/+6) amino acids of the predicted signal peptide CS (Figure
2A). As protease activity in cellular lysates during sample preparation may introduce stochastic proteolytic
cleavages into proteins, we next evaluated the extend of basal proteolytic processing. Our analysis shows
a low-level stochastic cleavage of all proteins, decreasing linearly with increasing amino acid position from
the N-terminus (Figure 2B). Cleavages occurred independent of the acetylation status of the N-terminus.
Interestingly, neo-N-terminal SP peptides and transit peptides — an n-terminal signal sequence targeting
proteins to mitochondria were detected with a likelihood distinct from stochastic occurrence at their site
of cleavage, confirming their non-random, enzymatically-dependent appearance. Taken together, our
analysis shows specific and proteolytic cleavage patterns at/around the predicted CS that can be

discriminated clearly from stochastic background processing.

4.2.3.2  Classification and prioritization of high-confidence neo-N-terminal signal peptide cleavages
In order to prioritize high-confidence neo-N-terminal signal peptide cleavages, we filtered data based on

(1) neo-N-terminal peptide intensity and (2) quality of mass spectral evidences (See Supplementary figures
S2A, S2B). Based on the rationale that SPP mediated SP cleavage would give rise to higher abundant neo-
N-termini than potential sample preparation artefacts, we first excluded neo-N-terminal peptides below
the 75 percentile of the normalized peptide intensity distribution. For this analysis, peptide intensities
were normalized to the most abundant neo-N-terminal peptide in the allocated cleavage window. An
exemption was made for neo-N-terminal peptides with high intensities that were identified in more than
one dataset. In total, 572 out of 3688 (15%) potential cleavages were excluded from further analysis (see
Supplementary figure S2C). Then, we filtered for high spectral quality of the neo-N-terminal peptides in
the selected cleavage window (See Supplementary figure 2D). To achieve this, we used the MaxQuant
derived “delta score”, which describes the peptide identification score difference between the best and
second best spectral evidences with distinct amino acid sequences. We observed slightly higher delta
scores for neo-N-terminal peptides in proteins with signal peptides (98 +/- 57) compared to all proteins
(82 +/- 50). As expected, we report higher quality spectra due to the benefits of multiple identifications
of the same neo-N-terminal peptide (118 +/- 74) in multiple datasets. In summary, by classifying the neo-
N-terminal peptides by intensity and spectral quality, we exclude #572 (15%) potential stochastic peptide

evidences and define #3116 high quality SP cleavages.
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4.2.3.3 Characterization and categorization of neo-N-terminal peptides
In total, we identify 3510 proteins containing signal peptides according to uniprot. For 1315 proteins we

provide spectral evidence for the predicted SPP cleavage site. For an additional 412 proteins we detect
alternative cleavage sites +6/-4 aa of the canonical cleavage site (see Figure 3A). On average, we identify
82 CS per dataset and 43 CS per 100 analyzed rawfiles (Supplementary figure S3A). Comparison to
previously verified signal peptide cleavages confirms experimental data, and illuminates the N-termini of
SP proteins that were formerly only predicted (see Figure 3B). Interestingly, we detect proportionately
more proteins with alternative cleavage in proteins with no previous experimental verification of the
signal peptide cleavage site. This may suggest that the prediction algorithm does not capture alternative

cleavages well.

Besides this, we investigated the number of signal peptide CS detected per protein (see Figure 3C). For
most proteins (1070 out of 1712, 62%), we identify only one neo-N-terminal peptide, either at or in close
proximity to the predicted cleavage site. Few proteins had two (324, 19%) or more (318, 18%) cleavage
sites, which suggests repeated processing of the respective protein by SPPase or single but distinct
cleavages. Based on the number and type of cleavages, we categorized the proteins in Category 1
(predicted canonical cleavages), Category 2 (single alternative cleavage), Category 3 (alternative cleavage

on proteins with predicted cleavage), and Category 4 (multiple alternative cleavages) (see Figure 3D).

Next, we asked whether proteins with distinct cleavage patterns differ in biological functions. Annotation
enrichment analyses revealed that canonical cleavages (Category 1) (see Figure 3E, supplementary table
x) are enriched on cytokines (36 of 56 total) and proteins with developmental functions (53 of 88 total).
This may suggest, that canonical cleavage sites are conserved, presumably due to evolutionary constraints
involving the biological functions of the N-terminus, e.g. as reported for chemokine binding to their
receptors. In contrast, Single alternative cleavages (Category 2) are enriched for transmembrane proteins
—Type | transmembrane proteins — and receptors. This indicates, the extracellular structure of Type |
transmembrane proteins may have an alternative composition. Proteins with immunoglobulin domains
(including Bence Jones proteins (9 out of 10 total)), ER localization and transport functions display
cleavage sites alternative cleavage on proteins with a canonical cleavage (Category 3). Interestingly, also
12 out of 14 detected isomerases are members of this group. Multiple alternative cleavages (Category 4)
are enriched for hydrolases (19 out of 191). Examples for proteins associated with significantly changing

annotations are depicted in Supplementary Figure S3B.
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Taken together, these results indicate different biological functions for proteins with distinct SP cleavages.
Interestingly, transmembrane proteins have a lower ratio of experimentally verified proteins (24%) in
comparison to all proteins (34%) or cytokines (59%), that show cleavage sites as predicted (Supplementary
figure S3C). This implies that additional training data, as provided by our meta-analysis, could result in

improved prediction accuracies for proteins associated with transmembrane annotations.

4.2.3.4  Systematic comparison of cleavage positions by MS and SignalP predictions
Given the apparent discrepancy between experimentally detected and predicted cleavage sites, we next

systematically compared the quantitative MS data with the SignalP 5.0 prediction scores. The signal
peptide prediction algorithm (1) differentiates between signal peptide-containing proteins and non-
secretory proteins; and (2) predicts the signal peptide cleavage position and thereby the protein's post-
translational N-terminus. For the first 70 aa of each signal peptide containing protein, SignalP provides
three probability scores per position: 1) a signal peptide (SP (Sec/SP1) probability), 2) a cleavage site by
SPP (CS probability) and 3) the absence of a signal peptide, e.g. the region downstream of the cleavage
site (OTHER probability). Compared to the detected canonical cleavage positions (Cat.1, 3), the detected
alternative cleavage positions (Cat 2,4) had significantly lower cleavage site probabilities for containing a
Sec/SPI signal peptide (Figure 4A, Supplementary figure S4A), SP(Sec/SPI) probabilities (Supplementary
figure S4B) and higher OTHER probabilities (Supplementary figure S4C).

We next evaluated whether peptide intensities correlate to CS probability scores from Signal P and aid in
prioritizing high-confidence experimental n-termini. Therefore, we plotted for each n-terminus the ratios
of actual versus predicted CS probability and peptide intensity. Our analysis detects n-termini with high
probability cleavage sites, with both low (Quadrant 1) or high (Quadrant 2) relative abundances (Figure
4C). Likewise, n-termini with low CS probabilities at the experimentally identified sites — for example
alternative cleavage sites - display both lower (Quadrant 3) or similar (Quadrant 4) relative abundances
(Figure 4D). This analysis enables us to identify alternative cleavage sites with high relative CS probability

scores from signal P (Quadrant 1, 2).

Next, we asked whether proteins in the four different quadrants are enriched for functionally distinct
classes as defined by the detected cleavage patterns (Category 1-4, Figure 3D) (See Figure 4E). Cytokines
and proteins involved in neurogenesis, differentiation and development have canonical cleavage sites as
predicted and these have high peptide intensities (Quadrant 2). Interestingly, for transmembrane,
glycoproteins and receptors we detect a single cleavage, either at an alternative cleavage site with high

intensity and high cleavage site probability or predicted as the major cleavage site by SignalP (Quadrant
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2). Isomerases, hydrolases and ER associated proteins display multiple high probability cleavage sites, that
are experimentally of similar abundance as the predicted cleavage site (Quadrant 2). The multiple
detected cleavage sites of immunoglobulins generally show low cleavage site probability and have a broad
abundance distribution. Taken together, our analysis reveals distinct functional protein families with
signal peptides and differentiates them by mode and amount of experimental cleavage sites in the vicinity

of the predicted SPP cleavage site.

4.2.3.5 Consensus sequences of the cleavage sites
As the primary structure of the signal peptide defines the SPP cleavage position and it’s prediction, we

analyzed the amino acid sequences around the cleavage sites. To this end, we use .... An important
parameter to consider are the amino acids at the positions -1 and -3 of the predicted cleavage site, which
are in case of Category 1 proteins (proteins with only one cleavage site) primarily composed of A, G, S on
position -1 and A, G, S, C on position -3 (Figure 5A, Figure S5A). In comparison to proteins with canonical
cleavages (Cat. 1), protein sequences with alternative cleavage in quadrant 2 are enriched for serine at
position -1 (Cat. 2,3,4) and alanine at -3 (Cat.3,4) of the predicted cleavage site (Figure 5B). Inversely, the
valine proportion at position -3 and glycine proportion at position -1 in the predicted sequence are
reduced in all proteins with experimentally observed alternative cleavage in Quadrant 2 (Cat.2,3,4) (Figure
5B). In Quadrant 4 the aminoacids are more heterogeneously distributed along the categories. Common
to all proteins with alternative cleavage, alanine on position -3 (Cat.2,3,4) is enriched while glycine at
position -1 (Cat.2,3,4) of the predicted cleavage site is reduced (Supplementary figure S5B). Alternative
cleavage is also observed for proteins with increased glutamine on position +1 of the predicted cleavage
site both in Quadrants 2 and 4 (Figure 5B, S5B). Conversely, the experimental protein sequences aligned
to the experimental cleavage site display weaker enrichments of amino acids at position -3 and -1 in
comparison to the predicted cleavage sites. However, alanine is proportionally higher enriched at
positions -3 and -1, glycine at position -1 and interestingly also proline is enriched at position -1 in Cat.2

alternative cleavage in comparison to cleavage as (Figure 5C, Supplementary figure S5C).

Another important parameter of signal peptide structure is the hydrophobic domain — often composed of
leucine, alanine and valine - upstream of the cleavage site, which is involved crucially in the signal peptide
translocation and cleavage [323, 324]. The length of the hydrophobic domain is less variable than amino
acids on positions -3 and -1 in the predicted sequences of the proteins belonging to different categories
and quadrants. However, apart from the alternative cleavage Type 2 proteins with high probability

cleavage sites and intensity (Quadrant 2) the hydrophobic domain is shifted away from the cleavage site

63



for the experimentally observed cleavage sites in comparison to the predicted cleavage site and seems to

be stretched (Figure 5A, Supplementary figure 5A).

Next, we were also compared the protein sequences surrounding the CS of transmembrane proteins with
predicted or alternative cleavage. Transmembrane proteins with alternative cleavage harbor higher
probabilities for G, T, S on position -3 of the predicted cleavage site (Figure 5D). A, V and L are enriched
on the position -3 in the consensus sequences around the cleavage site of experimentally observed

alternative cleavage (Figure 5E, Supplementary Figure S5D).

In summary, the consensus sequences for experimental alternative cleavage possess weaker enrichments
of amino acids compared to the predicted sequence, which might explain, why the algorithm chooses the
other site as the predicted cleavage site. Furthermore, the general diversity on positions -1, -3 and +1 of
the predicted signal peptides between the different experimental protein categories pinpoints towards
subsets of proteins with certain AA compositions harboring alternative signal peptide cleavage as opposed

to the predicted cleavage.

4.2.4 Discussion
Usually, signal peptide cleavage is predicted computationally by algorithms like SignalP, as experimental

approaches are often laborious and single protein based. Here, we introduced a proteomics meta-analysis
workflow for dissecting signal peptide cleavage in already existing, published datasets by employing an
innovative computational strategy to identify neo-N-terminal peptides derived from SPP cleavage. Thus,
we integrated the spectral information from over 30 individual datasets spanning more than 13000
rawfiles to locate signal peptide cleavage sites. In total, we identified 1315 signal peptide cleavage sites
in human and murine tissues as predicted by SignalP. This more than doubles the currently available
experimental evidence for these two species. Therefore, the results of our meta-analysis can serve as a
resource for the research community, but also the advancement of prediction algorithms. Notably, our
analysis also identifies 412 alternative cleavage sites in the vicinity of the predicted cleavage site (-3/+7

aa).

One of the major issues is the discrimination between bona fide cleavage sites and random sample
preparation or non- SPP enzymatic derived neo-N-terminal peptides. Our key observation, that neo-N-
terminal peptides are increasing non-linearly around the predicted cleavage site corroborates the
enzymatically catalyzed reaction, as we observe a linear increase for proteins with no predicted signal
peptides. We carefully selected the cleavage window around the predicted cleavage site we consider for

potential signal peptide cleavage. To further limit the number of non SPP derived neo-N-terminal peptides
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we introduced a stringent quality control including the neo-N-terminal peptide intensity, the quality of
the spectra, and the number of replicates per dataset. This analysis lead to the exclusion of 15% of the

potential cleavage sites.

More 60% of the proteins with signal peptide cleavage sites harbor one cleavage site, but also multiple
has been observed. This led to the categorization of the proteins by type and number of cleavage sites
into four categories. An explanation for multiple cleavages per protein may be diverse biological functions
(e.g. immunoglobulin domains are enriched in Cat. 3), do not require an exact N-terminus, and SPPases
cleave more often. A second explanation may be that Category 3 and 4 proteins are cut by different SPPase
subclasses than Category 1 and 2 proteins. Accordingly, Cat. 1 and 2 proteins would be predominantly
cleaved by SPPases that produce one bona-fide cleavage site. An indication for cleavage by different

subclasses of SPPases is the different consensus sequences for the Cat. 1-4.

Our analysis of functional annotations of proteins in different cleavage categories, revealed signal
peptides of cytokines, growthfactors, developmental proteins and proteins involved in differentiation to
be cleaved as predicted. This may indicate, that cleavage sites on these proteins are conserved, and
SPPases produce only one N-terminus, presumably due to evolutionary constraints involving their
biological function. Additionally, transmembrane proteins either possess one cleavage site as predicted
or one alternative cleavage site. An alternative N-Terminus of these type | transmembrane proteins could

lead to differences in the intracellular signal transduction cascades they are involved in.

Our analysis of the sequence motifs aligned to the predicted cleavage site further showed differences
between conventional and alternative cleavage of the signal peptides. Most prominently, alternative
cleavage is observed for a subgroup of proteins, that have Q on position +1 and P on position -1 of the
predicted cleavage site. While the sequence conservation in the vicinity of the cleavage site is weaker for
proteins with alternative cleavage than for their predicted counter-part weaker conservation of A on
positions -3, -1 and Glycine -1, S on -1 to -3 of the predicted cleavage sites can be observed when aligning
by the experimental cleavage site. This weaker enrichment of these amino-acids might be the reason for

prediction algorithms to choose another site as the highest probable cleavage site.

In the future, a similar meta-analysis could be performed for additional species to achieve higher and
more comprehensive experimental evidence for signal peptide cleavage also in other organisms. With our
meta-analysis we provide the experimental MS-evidences to re-train the SP prediction model, which is

based on more than 700 proteins with novel experimentally detected SP sites that match the predicted

65



cleavage site. The alternative cleavages — enriched particularly in transmembrane proteins — indicate
additional processing at distinct consensus sequences and can be used to extend the SP prediction model.
Particularly from transmembrane proteins, we expect advanced prediction abilities of the algorithms. To
enable easy availability of our signal peptide cleavage meta-analysis we have made the data available
online in form of an easy searchable database.

4.2.5 Figures and figure legends

A not verified verified B Automatized raw-file — 47 human and murine datasets
download from Pride > 13 000 raw files

775 l

Semi-specific search
N-terminal

exclusion of digest
l specific peptides
toleins with predlcted R Alignment of neo-N-terminal
SPP cleavmgeisite (C3) — eptides to predicted CS
from SignalP 5.0 PER P

2793

233

Predicted ClS
|
N l protein
|

2911

neo-N-terminal peptide

Figure 1: Meta-analysis strategy for the identification of signal peptide cleavages in shotgun proteomics
data sets. (A) Number of human or murine proteins containing signal peptides according to Uniprot.
Previously experimentally verified SPP cleavage sites as listed by Uniprot are shown in blue. Not
experimentally verified SPP cleavage sites are shown in red. (B) Computational workflow including data
download from Pride, semi-specific N-terminal spectral search to detect neo-N-terminal peptides,
comparison to signal peptide cleavage prediction of SignalP 5.0, and alignment of the neo-N-terminal
peptides to the predicted cleavage site.
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Figure 2: Localization and characterization of neo-N-terminal peptides (A) Occurrence of neo-N-
terminal peptides relative to the predicted cleavage site (CS). Q3 (75" percentile) of the number of
identified neo-N-termini was calculated for each amino acid position upstream and downstream of the
predicted CS, respectively. Positions within the 75" percentile are colored in green. (B) Localization
versus occurrence of Neo-N-terminal peptides within the first 100 AAs of all proteins with (fawn) or
without acetylation (red), signal proteins with predicted (green, Categories 1 and 3) or alternative (blue,
Categories 2 and 4) cleavage and proteins with Transit peptides with predicted (turquoise) or alternative
(violet) cleavage. (C) Predicted localization of Transit or Signal peptides in the protein.
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Figure 3: Categorization and functional classification of Neo-N-terminal peptides (A) Number of proteins
(combination of mouse and human) with MS evidence for canonical cleavages (Cat. 1, 3: green),
alternative cleavages (Cat. 2, 4: violet) or no cleavages (grey). (B) Number and percentage of proteins
with MS evidence for canonical (green), alternative (violet) or no cleavage (grey) in experimentally verified
or not verified SPs. (C) Bar plots showing the number of proteins with MS detected Neo-N-terminal
peptides in the cleavage window (+6/-4 aa of the predicted CS) for proteins with canonical (green, Cat. 1
and 3) or alternative (violet, Cat. 2 and 4) cleavages. (D) Overview of possible cleavage categories:
(Category 1) Proteins that exclusively harbor a canonical cleavage site as predicted by SignalP 5.0.;
(Category 2) Proteins that exclusively harbor an ‘alternative’ cleavage site; (Category 3) Proteins that
harbor a cleavage site as predicted by SignalP 5.0 plus an additional ‘alternative’ cleavage; (Category 4)
Proteins harboring more than one ‘alternative’ cleavage. (E) Number of proteins per category. (F)
Heatmap displaying enriched proteins of Category 1-4 based on a Fisher exact test (p-value< 0.01,
intersection>3). Red corresponds to enrichment, blue to de-enrichment.
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Figure 4: Systematic comparison of MS and SignalP scores and sequences (A) Probability of the protein
harboring a signal peptide (Sec/SPI, SignalP 5.0) for all human proteins containing a signal peptide
according to Uniprot. Dots show probabilities of individual canonical (Categories 1 and 3) or alternative
(Categories 2 and 4) cleaved proteins. Two-sided T-test was performed between the two groups. ****: p-
value < 0.0001. (B) Comparison of the delta cutting site (CS) probability (by SignalP 5.0 for each position
of each protein) to the delta peptide Intensity (log2). Delta Cutting site probability and delta Intensity
(log2) were calculated by subtracting the intensity/ CS probability of predicted site from the intensity/ CS
of each site (= normalization to cleavage as predicted). The cleavage categories are colored in the four
quadrants (1, 2, 3, 4) of the plot: red (cleavages of proteins with canonical cleavage, Category 1), blue
(cleavages of proteins with canonical and alternative cleavages sites, Category 3), green (Cleavages on
proteins with single alternative cleavage, Category 2), violet (cleavages of proteins with multiple
alternative cleavage, Category 4). (C) Cleavage site (CS), Signal peptide (SP) and protein probability
predicted by SignalP 5.0 for Q96PX8/ SLITRK1. Predicted and experimental cleavage sites are highlighted
by an arrow. (D) Cleavage site (CS), Signal peptide (SP) and protein probability predicted by SignalP 5.0 for
P14207/ FOLR. Predicted and experimental cleavage sites are highlighted by an arrow. (E) Hierarchical
clustering displaying fisher exact test results (p-value < 0.01, intersection >3) on Uniprot Keywords for
proteins within different quadrants from B. Red shows enrichment, blue de-enrichment. Annotations
from proteins with caonical cleavage (Category 1, quadrant 2) and single alternative cleavage (Category
2, quadrant 2) are clustering together.
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Figure 5: Sequence analysis of canonical versus alternative cleavages. (A) Consensus sequence of all
proteins with canonical cleavage only (Cat. 1, red) and single alternative cleavage (Cat. 2, green). Cleavage
position is indicated by blank space. Motifs are sorted by quadrants (Q1, Q2) from Figure 4B. For proteins
with alternative cleavage (Cat. 2), the motifs show the canonical and the experimental consensus
sequence. N shows number of proteins corresponding to each sequence motif. Amino acids are colored
by functional chemical groups. Grey boxes highlight the hydrophobic domain of the signal peptides. (B)
Heatmap showing percentage differences of dominant amino acids of the canonical consensus sequence
on indicated positions (-1, -3, +1) relative to the predicted cleavage site for different cleavage category of
proteins with CS probability and intensity. Red is corresponding to higher, blue to lower percentages than
the Cat. 1 consensus sequence. (C) Percentages of amino acids Ala, Gly, Pro for positions -1, -2, -3, -4 of
the predicted (Cat. 1) or experimental (Cat. 2) cleavage site of all proteins. (D) Consensus sequence of
transmembrane proteins with predicted cleavage only (Cat. 1, red) and single alternative cleavage (Cat. 2,
green. For transmembrane proteins with alternative cleavage (Cat. 2) the motifs under predicted cleavage
show the predicted and the experimental consensus sequence. Grey boxes highlight the hydrophobic
domain of the signal peptides. (E) Percentages of amino acids Ala, Gly, Pro for positions -1, -2, -3, -4 of the
predicted (Cat. 1) or experimental (Cat. 2) cleavage site of transmembrane proteins.

4.2.6 Supplementary figures and figure legends
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Supplementary Figure 1: (A) Number of neo-N-terminal peptides for canonical and alternative cleavage
(+6/-4 aa) by N- or C-terminal semi-specific search algorithms. (B) Number of proteins and neo-N-
terminal peptides of all proteins and proteins with neo-N-terminal peptides in the vicinity of the
predicted CS (+6/-4 aa).
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Supplementary figure 2: (A) Density distribution of normalized neo-N-terminal peptide intensities (log2)
corresponding to the predicted CS (turquoise) and alternative cleavages (red) in the vicinity of the
predicted cleavage site (-4/+6). Peptide intensities were normalized to the most abundant neo-N-terminal
peptide in the cleavage window. Vertical lines denote the 75 percentile (Q3) of the neo-N-terminal
peptide intensities. (D) Reproducibility of predicted (turquoise) and alternative (red) cleavage sites along
different datasets. (C) Number of neo-N-terminal peptides with predicted or alternative cleavage
dependent on the intensity threshold (75 percentile) and the reproducibility between datasets. Neo-N-
terminal peptides below the 75" percentile and identification in only one dataset were excluded from
further analysis (bars with stripes). (D) Density and box plots of the MaxQuant derived delta score (Score
difference to the second-best identified peptide with a different amino acid sequence) of identified Neo-
N-terminal peptides on all proteins (red) and proteins with predicted signal peptides (SP) (green and blue).
Delta scores of Neo-N-terminal peptides on SP from all datasets are shown in blue, whereas the highest
delta score of SPs across all datasets is shown in green. The latter has an increased median delta score
(dashed lines) compared to SPs from all datasets.
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Supplementary figure 3: (A) Overview of analyzed datasets. The number of identified signal proteins with
either predicted (Category 1,3: turquoise) or alternative (Category 2, 4: red) cleavages are indicated. The
number of raw files in each dataset is shown on top. (B) Protein examples of the four main cleavage
categories described in Figure 3D. 3 proteins per annotation are listed. (C) Ratio of experimentally verified
and not verified signal peptide cleavage sites in proteins with Uniprot keyword annotations “Cytokine”,
“Transmembrane” or all identified proteins.
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Supplementary figure 4: (A) Probability of the experimental cleavage site being a cleavage site for all
human proteins identified with our meta-analysis. (B) Probability of the experimental cleavage site being
localized on the signal peptide (Sec/SPI, SignalP 5.0) for all human proteins identified with our meta-
analysis. (C) Probability of the experimental cleavage site being localized downstream of the predicted
cleavage site for all human proteins identified with our meta-analysis. Dots show probabilities of individual
experimental predicted (Categories 1 and 3) or alternative (Categories 2 and 4) cleavage sites. Two-sided
T-test was performed between the two groups. ****: p-value < 0.0001.
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Supplementary figure 5: (A) Consensus sequence of all proteins with single alternative cleavage (Cat. 2,
green), alternative cleavage on proteins with predicted cleavage (Cat. 3, blue) and multiple alternative
cleavage (Cat. 4, violet). Cleavage site position is indicated by blank space. Motifs are sorted by quadrants
(Q1, Q2, Q3, Q4) from Figure 4B, if applicable. For proteins with alternative cleavage (Cat. 2, Cat. 3. Cat.
4) the motifs under predicted cleavage show the predicted and under experimental the experimental
consensus sequence. N shows number of proteins corresponding to each sequence motif. Amino acids
are colored into chemistry groups. Grey boxes highlight the hydrophobic domain of the signal peptides.
(B) Heatmap showing differences in percentages of dominant amino acids of the predicted consensus
sequence on certain positions (-1, -3, +1) relative to the predicted cleavage site for different cleavage
category in Quadrant 4 from Figure 4B. Red is corresponding to higher, blue to lower percentages than
the Cat. 1 consensus sequence. (C) Percentages of amino acids Ser, Thr, Val for positions -1, -2, -3, -4 of
the predicted (Cat. 1, red) or experimental (Cat. 2, green) cleavage site of all proteins. (D) Percentages of
amino acids Gly, Thr, Val for positions -1, -2, -3, -4 of the predicted (Cat. 1, red) or experimental (Cat. 2,
green) cleavage site of transmembrane proteins.

4.2.7 Methods

4.2.7.1 Download datasets from pride

Proteomics datasets from species homo sapiens or mus musculus were selected. They were selected
preferentially, if high number of raw files were present. Selected datasets were measured on QEPs, Q-
HF, Q-HF-X, Fusion and Exploris. Selected datasets include digest with Trypsin, LysC, Chymotrypsin, GIuC,
LysN, ArgC and AspN. They were automatically downloaded via a FTP download script in R, that needs
the html webaddress and the number of rawfiles of each dataset as an input.

4.2.7.2 MaxQuant analysis

MaxQuant software was used to analyze MS raw files. MS/MS spectra were searched against the
human or murine Uniprot FASTA database and a common contaminants database (247 entries) by the
Andromeda search engine [62]. Cysteine carbamidomethylation was set as a fixed modification, and
N-terminal acetylation and methionine oxidation were set as variable modifications. Enzyme specificity
was set to semi-specific N-terminal digest (enzyme depending on the dataset analyzed), with a
maximum of two missed cleavages and a minimum peptide length of seven amino acids. FDR of 1%
was applied at the peptide and protein level using a reverse database for target decoy. Peptide
identification was performed with an allowed initial precursor mass deviation of up to 7 ppm and an
allowed fragment mass deviation of 20 ppm and hits to the reverse database [62] were excluded from
further analysis.

4.2.7.3 Cleavage site prediction and probabilities of signal peptides from SignalP

All human/murine proteins with possible signal peptides were identified via Uniprot (Download
September 2020). Their FASTA files were compiled and analyzed in batches of 200 proteins via SignalP
5.0 (September 2020). Raw SignalP output files were compiled into one file and predicted cutting sites
as well as cutting site probabilities of each position on all signal proteins were extracted. Cleavage site
probabilities and the predicted cleavage site were matched to the positions of the semi-specific peptides
of signal proteins.

4.2.7.4  Transit peptides
All human/ murine proteins with possible Transit peptides were identified via Uniprot (Download
September 2020) and cleavage site predictions were matched to proteins via Uniprot IDs. If the location
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of the semi-specific peptide was at the predicted cleavage site, the cleavage was called cleavage as
predicted, whereas it was called alternative cleavage, if the location of the semi-specfic peptide was
within +6/-4 AA of the predicted cleavage site.

4.2.7.5 Identification of predicted and alternative cleavage sites and protein categorization
Semi-specific peptides were filtered out of the dataset, while non semi-specific peptides derived from
digests with Trypsin, LysC, Chymotrypsin, Gluc, LysN, ArgC and AspN were disregarded. Semi-specific
peptides from proteins containing signal peptides were first matched to their respective protein
sequence by their Uniprot ID, before the peptide was aligned to the protein sequence to identify the
location of the semi-specific peptide. Neo-N-terminal originating from missed cleavage events, e.g. same
N- but different C-terminus, were summarized into one cleavage site. Cleavage sites were aligned to the
predicted cleavage site and the positions with the highest number of cleavage sites (70" percentile, Q3)
were identified, leading to an expanded cleavage window of -4/+6 amino acids around the predicted
cleavage site. If the location of the semi-specific peptide was at the predicted cleavage site, the cleavage
was called cleavage as predicted, whereas it was called alternative cleavage, if the location of the semi-
specific peptide was within +6/- 4 aa of the predicted cleavage site.

Proteins with alternative or predicted cleavage were classified into four categories by number and type
of cleavage:

Category Number of Cleavage as Alternative
cleavages predicted cleavage

Cat.1 1 1 NA

Cat.2 1 NA 1

Cat.3 >1 1 >=1

Cat4 >1 NA >1

4.2.7.6  Delta Score optimization

MaxQuant calculates for each peptide the Score difference (Delta Score) to the second best identified
peptide with a different amino acid sequence. The Score is the andromeda score for the best associated
MS/MS spectrum. The Delta Score of each peptide can be found in the msms outpt table. As multiple
datasets were analyzed and also missed cleavages or different enzymatic digests can lead to repeated
coverage of one cleavage site, the peptide with the highest Delta Score per position +6/-4 AA to the
cleavage site was selected for further comparisons. Also, spectra depicted in the shiny app were
selected based on highest delta score across datasets.

4.2.7.7 Normalization of peptide intensities and filtering by intensity

Per potential cleavage site within the cleavage window (+6/-4 aa to the predicted cleavage site) the
semi-specific peptide with the maximum intensity of all raw files per dataset was identified.
Logarithmized (log2) intensity of each semi-specific peptide was then normalized to the intensity of the
semi-specific peptide with the maximum intensity individually for each dataset (Delta Intensity). Finally,
the highest normalized intensity across datasets was selected for each cutting site. Peptides with a delta
Intensity larger smaller than -2 were disregarded from further analysis, if they were only identified in
one dataset and semi-specific peptides of similar intensity remained.
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4.2.7.8 Normalization of peptide intensities from MQ and cleavage site probabilities SignalP5.0

Peptide within the cleavage window (+6/-4 aa to the predicted cleavage site) with maximum intensity of
all raw files per dataset was identified. Peptide intensity of all potential alternative cleavages and
predicted cleavage was then normalized to the intensity of the peptide containing the predicted
cleavage site individually for each dataset. In case, no exact cleavage site has been identified, peptide
intensity of the exact cleavage site was set to zero. Finally, the highest normalized intensity across
datasets was selected for each cleavage site. Similarly, cleavage site probabilities of all cleavage sites
extracted from SignalP 5.0 were normalized to the cleavage site probability of the predicted cleavage
site.

4.2.7.9 Functional annotation of different cleavage categories with Fisher Exact test

Proteins were characterized based on number and type of cleavage into four categories. Fisher Exact
test was performed in Perseus [325] with an p-value cutoff (p-value < 0.01) and a minimum of 3 proteins
required at the intersection. Results were exported from Perseus and differences in annotation
enrichment were visualized in R using the “heatmaply” package, by clustering columns and rows with
Pearson correlation.

4.2.7.10 Analysis of the consensus sequence around the predicted or experimental cleavage sites
Proteins were aligned either at the predicted or experimental cleavage site from position -20 to +1 of
the predictes/ experimental cleavage site. In case of shorter proteins, relevant positions were filled with
blank spaces. Sequence logos were created in the R-environment using the “ggseqlogo” package with
the parameters seq_type='aa’' and method='bits'. For the heatmap of the predicted sequences to
compare aa at different positions of cleavage categories, percentages of the individual aa were
calculated and then compared to Cat. 1 by subtraction.
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4.3 Project 3: Quantitative Proteomics of Secreted Proteins
Global studies of cellular secretomes are now possible due to advancements in experimental procedures,

instrument performance, and computational analysis tools. Historically, secreted proteins have been
quantified using antibody-based methods, such as enzyme-linked immunosorbent assays (ELISA), whose
large-scale applicability is limited by their availability, specificity, and affordability. Our group has devised
a first proteomics-based secretome workflow in 2013 [280]. This process allows the direct quantification
and study of the secretome of activated immune cells by proteomic analysis. To explain all experimental
and analytical procedures in detail and provide a universal guide for guide for experimental secretome
investigations, | wrote a step-by-step [294] workflow for quantifying cellular protein secretion
comprehensively using mass spectrometry-based proteomics. Briefly, in vitro or ex vivo secreted proteins
are collected, digested by proteases, and the resultant peptide mixtures examined in single LC-MS/MS
runs. The MaxQuant and Perseus computational environments are used for label-free quantification and
bioinformatics analysis. This workflow enables the quantification of thousands of secreted proteins over
a four-order-of-magnitude concentration range, allowing for the system-level analysis of secretory
programs and the identification of proteins with unanticipated extracellular activities. The protocol
discusses the pitfalls and alternative strategies experimental or analytical strategies the researcher can
undertake. The entire protocol takes about two days, whereas MS measurements require less than 2h per

sample.

We published the detailed protocol in Methods in Molecular Biology in 2018.
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Chapter 14

Quantitative Proteomics of Secreted Proteins
Annika Frauenstein and Felix Meissner

Absiract

Scoreted proteins such as oytokines, mecrleakins, growth factors, and hormaenes have plasotropic fundions
and faciliate mtercellular communication m organiems, Quanthcaton of these proteins comventionally
relics on antibody-based methods, e, enzyme-BEnked immunosorbent amays (ELISA), whose large-scale
me is limmited by availabality, specificty, and afford abiliny:

Here, we descrbe an expenmental and bacinformatics workflow 1o compeehensmvely quantify celbular
protein scoretikon by mass spectromectry. Secreted proteins are collected i vitro or cx vivo, digested with
proteases and the resulting peptide mivtures are analyzed in angle ligoed chromatography-mass spectrom-
ctry (LC-MS/M3) runs. Labcl-free quantification and bicinformatics analysis i conducted in the
MaxQuant and Perseus computational environment. Cher workflow allows the quaneification of thousands
of secreted protans spanning a concentrabon mnge of four orders of magminde and permats the systerms-
level characterization of secretory programs as well as the discovery of protoins with unexpected extraced-
lular functions.

Fey words Mas spectrometry, Quantitative protoomacs, Label-free quantshcanon, Sccrctome,
Secreted proteins, Cytokines, Interleuking, Interferons, Growth factors, Sample preparation

Mass spectrometry-based protecmics 1s a powerful method for the
comprehensive charactenzanon of protein expression differences,
prowin-progein-interacoons, and postransianonal modificanons
[1-3]. Advances in sample preparanon, instrumentaton, and com-
puranonal analysis enable quannmove measurement of thousands
of proceins in single-shor expenments [4]. Recentdy, we developed
a sensitive label-free high-resclunion mass specrometry workflow
to gquanafy secreted protein encompassing cytekines, groweh fac-
tors, hormones, and other proceins with roles in imeercellular com-
municadon [5]. Tradidonally, secreted proteins are smdied with
anobody-based methods, such as enzyme-linked immunosorbent
assays (ELISAs), fooused on the derecoon of selected analyres.
However, amalyring secretomes by mass specorometry-based

[Diorminic D Moo, Chirisfing M. Oa Mardo jeds ), nnalc fmmuna Aciivalion: Moivods and Proloooks, Mothoos in Mokeooiss Eicicoyy,
wol 1714, hitpes: ol oy 0LV D0TSTE-1-4080-TE¥0-8_14, & Springar Solonoo-Businass Meils L C 2018
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pmn:umu:s enables the smulmneous idenoficanon and guanofica-
oon of thousands of proceins. Furthermaore, it allows a systems-
level interpretation of secretory programs [6] and routes, as well as
the discovery of proteins with uncxpected exmacellular funcnons
or manscripoonally independent routes of cellular exit. Here, we
descnbe an expenmental and bioinformancs procedure for the
comprehensive proteomics quantficacon of secreted proteins. Our
workflow is sensitive, scalable, and companhble with the secrerome
analysis of pnmary cells. Correlanon o anobody- based methods 15
high and guantmove differences up to four orders of mapmmde
are captured. Brefly, (1) secreted proceins are collected 1m wire or
ex vivo; (1) proceins are reduced and alkylated under denamunng
conditions; {3) proteins are enzymancally digested; (4) pepodes
are separated by reversed-phase ulra-high pressure hguid chroma-
tography (UHPLC) and analyzed with a high-resoluton mass
spectrometer; (5} label-free quanbficanon and bioinformarnics anal-
yiis is performed in the MaxQuant [7] and Perseus [8]

EN¥ITONMECRL

zrm

of Secrefed Profains

all solunons wsing whrapure water and analyocal grade
reagents { ser Wote 1). Prepare and store all reagents at room em-
perature (unless indicated otherwise ).

L. Cell culture medium: DMEM /RPMI without phenol red, 10%
{v/v}) hear-inactovared fetal bovine serum (FRS), 100 BrmM
HEPES, 1 mM pyruvare, 10 mM v-gluramine for pnmary den-
drinic cells, macrophages or monocytes (see Note 2.

. Cell colmure plates: 48-well, 12-well, or g-well.

Water bath at 37 °C.

186G necdle.

Stenle filters: 0.22 pm.

1.5 mL mbes.

. Cell colure facility with incubator ac 37 °C and 7% CO;

b

= & m

Ice.

. Ocradecyl {C18) Solid Phase Extracoons Disks {Empore ).
. Blunt-ended synnge.

. Methanol (MeOH}.

. Modified Mim Cenmfuge for stage opping {Sonanon ).

6. Sonicanon device: we nse Biorupoor Plus {Diagenode ).

7. Srerile filters: .22 pm.

o bl e

81



1.

11

12

13

14

15.

la.

17.

19.

20.

Quantitative Proteomics of Secreted Proteins s i

1 M HEPES {pH 3.0): Weigh 11.9 g HEPES. Add water ioa
volume of 40 mL. Mix and adjust pH with NaOH. Add sterile
water o a Tinal volume of 50 mL and stenile fileer,

. 1 M NHHCO; { Ammoniumbicarbonar, ABC): Weigh 4.0 g

NH,HCO;. Add stenle water to a fimal volume of 50 mL and
stenle alter.

&ux Dhgesnon buffer: 8 M Urca, 40 mM HEPES (pH 8.0).
Always prepare fresh. Wclgh24ﬂgUrﬂ Add 2 mL 1 M
HEPES (pH 8.0) and make up o a volume of 40 mL with
water. Mix and adjust oo pH 8.0. Add seenle water oo a final
volume of 50 mL and stenle fileer { s Note 3).

1 M dichioereirol (DTT): 1 M DTT, 50 mM ABC. Weigh
77 gDTT;add 2.5 mL 1 M ARC; Add stenle water to a final
volume of 50 mL and stenle filter. Aliquotand sore ar—210 %C.
055 M jodoaceramide (IAA): 055 M IAA, 50 mM
ABC. Weigh 92 g IAA; add 2.5 mL 1 M ABC; Add stenle
water o a inal volume of 50 ml and stenle aleer (.22 pm).
Aliquot and score ar —20 °C.

1 M Thiourea: 1 M Thiourea, 50 mM ABC. Weigh 3.8 g
Thiourea; add 2.5 mL 1 M ABC; Add stenle water to a final
volume of 50 mL and stenle filter. Aliquot and store at—20 °C.
1 mM hydrochlonc aod (HCI): Stowly add 4 pl. HCI (37%
w/w) o 12.5 mL warer. Adjust the final volume to 50 mL
with water.

Trypsin endopepadase: 0.5 pg/pL Trypsin {Sigma) in 1 mM
HCL. Dissobve 20 pg Trypsin in 40 pl. 1 mM HCL Store at
— &0 °C {see Note 4).

Lysyl endopepudase (LysCh 0.5 pp/pl. LysC (Wako} in
50 mM ABC. Prepare a 50 mM ABC sohition by adding
G0 pL 1 M ARC o 950 pL warer. Dissolve 20 pg LysC in
40 pL 50 mM ABC. Store ar —80 °C (sre Note 4).

Stop solugon: 6% {v/v), mfluoroacenc aod {TFA), 60% (v/v)
acetomimile. Slowly add & mL of TEA o 30 mL warer. Add
60 mL accronmimle. Adjust the final volume o 100 mL with
water.

Buffer A: 0.5% (v//v) aceoc acd. Slowly add 0.5 ml acenc aad
oo ‘M) mL warer. Adjust the final volume to 100 mL with water.
Buffer B: 0.5% (v/v) acenc aad, 80% {v,/v) aceconimie. Slowdy
add .5 mL acenic acid o 15 mL warer. Add 80 mL scetoni-
mile. Adjuse the final volume @ 100 mL wath water,

Buffer A®: 0.5% (v/v) acenc aad, 0.1% {v/v) TEA, 2% (v/v)
acetonimile. Slowly add 0.5 mL acenic aod and 0.1 mL TEA m
90 mL water. Add 2 mL acetonimle. Adjust the final volume
to 100 mL with water.
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23 [C-MSMS
Analysis and Data

21. Vacoum Concenrramor: we use Vaouum Concenmanor Plus

[

{ Eppendort).

. Chromarography cotumn: 20-50 cm, 75 pm inner diameter,

ReproSil-Pore C18-AC) 1.9 pm resin { Dr. Maisch GmbH ).

. Ulra-lugh pressure liqud chromamgraphy (UHPLC), 1.2,

EASY-nLC 1MW wlmra-high pressure system {Thermo Fisher
Saenofic).

. A high-resoluton mass spectrometer, 1., Q Exacove, Q

Exacove HF or HFX (Thermo Fisher Scienofic).

. A Nano-electrospray 1on source, 1.2, ManoFlex source { Thermo

Fasher Scennfic).

. Column Oven {Sonaoon ).

6. Funning Buffer B: 0.1% (v/v) formic aad, 80% {v/v) acetomi-

mile. Slowly add 0.1 mL formic acd o 10 mL water. Add
B0 mL acetonimie. Adust the final volume o 100 mL with
WateT.

Download  MaxQuanc  hop:/Mwww.coxdoos.ong/doku.
phphid=maxquantcommon:download _and installanon

. Download Perseus: www.coadoos.org, doku.

phpfid=perscus:common:downioad_and_installadon

11  induction
of Secrefed Profains

Carry out all the procedures at room temperaure unless specified
othereise,

Start with cellsin suspension (e, T cells) or adherent cells (1.2,
bone marrow denved macrophages, BMDMs) already amached
o the surface of dssue culture dishes. For consideranons on the
cxpenmental setup, ree Notes 5 and 6.

. Wash the cells at least owice before commenang the expenment

with pre-warmed serum-free cell culure medivm withour phe-
nol red o dibuee serum-progeins. Perform all the subsequent
steps under serum-free condinons (see Note 7). We recommend
a final cell density of 1 x 106 cells/mL (6 well plate: 2 « 10,5 12
well plare: 1 5 10,2 24 well plate: (0.4 » 108).

. Acovare the cells in medinm withour phenol red and incubate

at 37 °C and 7% COy for appropriate ume-points (Fg. 1a, e
MNotes B and 9). For example, acovare BMDMs wath a Toll-like
recepror ( TLR) agonist such as the TLR4 ligand lipopolysac-
chande (LPS) or leave them unireated as conmol for 6 he
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A Experimentsl setup B Sample preparatien C LC-M5/MS analysis
{1) Calie in difarand sinles {1} Denakidng proleins Lo
+ *
{2 Colinest s peria donis {2} Reduction & Alkytaon §
¥ b
) Quality conlmt {3) ProteotySs digest i
- Profsin concentraion i
- L SA st ot {6) Dasating pageles

&0 120
S i)

Fig. 1 Worldlow for the LC-MS/MS-basad analysis of socreded proieing: {a) Bporimantal workfiow for collect-
ing suparmatants from aciivated cells incleding quality control for protain concantration, cell-viability, and call
responsivencss. (b) Sample praparation: proteing ana reduwcad with OTT and aloykated wish WA under denatur-
ing condifions bafiore they are subjectad to protecdytic digest with LysC and Trypsin and desalted on StagaTips
packed with C18 Solid Phase Extraction Disks. (&) Secratome LC-MSMS analysis showing the gradient and
ralative abundanca of the total ion clevant

4. Ar defined ome-point(s) carefully remove supernamnts with a
syringe (<180 needle), and filwer inte 1.5 mL mbes {5ee Note
10},

5. Measure protein concentranon with a method thar does not
interfere with che free amimo acds of the mediom (Le., BCA-
RAC assay according m the manufacmirer’s insrucoons ). For
downsiream LC-MS,/MS analysis, a mimmum of 10 pg of pro-
tein in the supernatant is required.

6. Determine cell viabilioy wath a cyeotooocicy assay (e, LDH
release, mypan blue exclusion, ew.) and measure absolure
amounts of selected prowins (Le., oymokines) in supernamns
with an antibody-based method { serNotes 11 and 12), Samples
can be snap-frozen in liquid nirogen and scored at —80°C.

iz Secreiome 1. Déenamre proteins in the supernatants by adding 4x Digesnion
Digastion and Sampls buffer to a final concentraton of 2 M Urea, 10 mM HEPES
Praparation (pH 8.0} per sample.

for LC-MS/MS 2. Somicate the samples on ice for 15 min at manmum intensity
Analysis [9-11] (see Note 13) (Fig. 1b).

3. Reduce disubvde bonds by addmg 1 M DTT at a final concen-
manon of [0 mM tw the samples. Mix well by vortexing and
incubate for 40 min at room wemperatre {see Note 14,

4. Alkylare reduced cysceines by adding 0.55 M 1AA 1o a final
conceniraon of 35 mM {=r Note 14). Mix well and incubate
for 40 min in the dark. Samples are incubated in the dark
becanse indoaceamide = light-sensiove. Excess indoaceramide
can be quenched by adding 1 M Thiourea to a final concenra-
oon of 100 mM,
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13 IC-MSMS

of Secralpmas

251

. Digest proceins by adding 0.5 pg LysC for 3 b and 05 pg

Trypsin for at lease 16 h. Inhibit proceases by acdifying che
samples with Stop soluton. (final concenranon: 0.6% TEA,
6% acetonitrile) (ser Note 15).

. Prepare StapeTips [9]: in shorr, stamp our a small disk from
three layers of C18 Sobid Phase Extracoon Disks with a blume-
ended syringe and plunge into a 200 pL pipetee ap. Equilibrate
the StageTip by washing successively with 50 pL. 100% MeOH,
50 pL Basffer B, and 100 pL. Buffer A. In-berween each wash
step, cenmifupe SageTips with a2 Modimied Mini Cenmifige
for 2 min ar maxamum speed, or unnl all fud has been drained.

7. Desalt pepodes by loading the ennre digested and aodified

supermatants onto equilibrated C18 StageTips (s Note 16).

8. Wash pepodes with 2000 pL. Buffer A.

9

10.
1L

12

13.

. Cenmifuge StapgeTips with a Sonatgon StapeTip Cenmifuge for
2 min ar maxmum speed.

Repeat steps 8 and 9 of Subheading 2.3.

Elute pepodes inmo PCR-mubes using 2 » 20 pl. Buffer B.
Evaporate Buffer B in a pressure device for 30 min ar 40 °C

VACLILLTL

Resuspend pepodes in 10 pL. Buffer A®.

Perform reverse-phase chromarography on a UHPLC coupled
w0 a high-resolunon mass specrometer with 2 nano-
electrospray ion source (Fig. 1c).

. Load the pepodes ( 1-2 pg) from the supernatants onoo a C18-
reversed phase column (see Note 17}

. Separate the pepodes with an almost linear gradien: of 7-30%

(%#v) Bunning Buffer B berween 120 and 180 min (Fig. 1c)
at a flow rate of 200-300 nl/min on 20-50 cm columns with
a Column Oven emperamure of 50-55 *C.

. Perform LC-MS/MS analysis for an UHPLC coupled o a

high-resolunion mass specorometer, ie., QExacove HF as
described by Scheltema et al. [12): Acquire M8 dara with a
dama-dependent TOPX method o dynamically sclect the
10-15 most abundant precursor ions from the survey scan. Set
the target value to 3 x 108 1ons 10 a 200-1650 mwy/s range with
20 ms maximum injecoon ome at a resoluoon of 70,000 ac
mi/'s 400, Isolate precursor ions with a 2.4 Th isolaton win-
dow. Fragment precursor ions by higher-energy C-trap disso-
cagon (HCD} with normalized collilson cnergies of
27 V. Acquire MS/MS scans with a target value of 1 = 10#
and 2 maximum injection ome of up w 100 ms, depending on
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34 Anaysis of Mass
Spacira lising

35 Anaysis
of MaxQuant Output

Quantitative Proteomics of Secreted Proteins 2

the overall pepode amount and complexty; however, duoy
cycle omes should not exceed 1.5 5. Exclude unassigned pre-
cursor ion charge smates and sngly charged jons. To awod
repeated sequencing, exclude already selecred sequenced ions
dynamically for 20-30 s depending on the chromatography.

. Analyze raw dam with the MaxQuant software scarching peak

lists with the Andromeda search engine [13] against the latest
Unipror FASTA database of the spedes used in your expen-
ments combined with common contaminants {see Note 18).

. Use spandard MaxOuant setongs [7]: m boef, set the manmum

allowed mass devianon to & ppm for MonoiSOMpPIC precursos
ions and 0.5 Da for MS/MS peaks. Use Trypsin as the diges-
non mode (or change accordingly in case you used other prote-
ases) and allow for a maximum amount of two missed cleavapes.
Set carbamidomethyl cysteine as 3 fived modificanon and
N-terminal acervlanon, ssparagine deamidanon and methio-
nine oxidaton as vamable modificanons. False discovery rate
(FDR) shonald be at 1% on both the peptide and protein levels.

. Quannfy proteins in MaxCuanr using the buile in XIC-based

label-free quannoficanon (LEQY) algonthm using fase LEQ [7,
14, 15].

. Enable “mawxch between runs” @ wmansfer idenoficanons

berween indnadonal LC-MS runs.

. Analyze MaxChant outpur files wsmg standard semings

Perseus [8]. In shore, upload the proteinGroups.oo file from
the MaxChuane owrpur folder (... /combined /txr/protein-
Groups.txe) into Persews. Select the LF() intensity columns of
VOUT eXpenments as main columns (see Note 190,

. Exdude contaminants, proteins idenmfied by searching the

reverse darabase and proteins only idenoied by a modied pep-
ode by filenng rows based on cateponcal column (Filver
rows — Filter rows based on categorical column ).

. Logarithmically transform dacaser to obmin normally dismib-

uted LF(Q) intensines {Basic — Transform — lg2(x)) (e Note
20).

. Assign replicates of one Fz]:r:r'u'u:m (1., treated, conerol, eec. )

o one group by appending identcal group names { Annotanon
rows — Caregoncal annotaton rows ) and filter our proteins not
consstentdy identfied and guandfied (Filier rows — Fileer rows
based on vabd values — Min. number of values: 2-32, Mode: In
ar least one group .
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5.

11.

|

Replace missing values (Le., MalN) with values from a normal
distribution  penerated  based on the measured
dara{ Impuranon — Replace missing values from 2 normal dis-
mbuoon ) (see Note 21).

. Check reproducibility between expenments by calculanng dhe

Pearson correlanion {Basic — Column correlanon ). Visuahze
the correladon matmix with hierarchical clustering ( Clustenng
PCA — Hierarchical clustening ) (see Note 22).

. Perform  a  prncipal component  analysis  (Clostening

PCA — Prnopal component analysis) o evaluate biological

versus expenimental /technical vanadon.

. Idenaofy significant differences between secretomes from aco-

vated and non-acovated cells or between different condinons,
cellular stares, genotypes, ewc., by performing 3 smosocal
hypothesis test, ie., unpaired T-test or ANOVA test with a
permumnon based FDR (see Note 23).

. Visualize resuls by ploting —log !0 p-ralue apains: LR inten-

sity fold-change (Misc./Volcano plot/First proup: acovared
Second group: non-scovated samples). For meared
samples, Protein X {i.e., TNF upon LPS trearment) appears
with a high ennchment fold change and low p-value on the
upper nght side of the plot (s2e Motes 24 and 25) (Fig. 2a).
To visualize sigmificandy seareted proteins only, filter for pro-
weins with significant differences berween selecred stanes (in
the Volcano ploe tab: export selecoon-reduce marrix) and plot
them in & hear map (ChstenngFCA — Hierarchical custer-
ing) (Fig. 2b).
Protein secretion dam is often presented as fold-change secre-
oon upon acovaton or fold-difference between states. For this
purpose, dara are normalized (ie., submao loganthmized
LP() intensities of non-activated from acovated seates, or cal-
culace the difference beoween LEQ) ineensines of seleceed
smres). To contol your secretome workflow, compare fold-
secrenon by LC-MS /M5 calculated upon acovaton to abso-
Inte analyre amounes determined by anobody-based methods
with a correlanon analysis (Fig. 2c).
To visualize the LF(} intensity profiles of individual selecred
prowins across vanous hologcal condinons, as well as other
prowins which display simalar profiles and might behave simi-
lardy, select a reference provein, 1e., THE, which is released in
monocyies upon LPS mearment (Vismalizanon —  Profile
plot — Reference profile —+ Enchdean — From selecred pro-
file: TNE — Befresh). Bemurmning mo the Profiles secnon sort
the proceins by Evcidean distance to the selecred reference
protwim. Proteins with distances closest o the selecred protein
show similar profiles {Fig. 2d).
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Fig. 2 Examplas for data anabysis of sacrotome expariments: (a) Volcano plot based on t-Tast statisfics showing
the significance and fold-changa diffarence of all proteins between samiples. Significant outliors from t-Tost
statistics are confrofled by a permutation-basad FOR. (b} Perhurbation matrix of multiple collular states visual-
izod by hierarchical clustering of differantially socratod proteins in a heaimap. {e) Comparizon of fold secrotion
changes and absolute amounts of 3 salected protedn (sech as TNF) measured by ELISA fo avaluate parfor-
mance of sacrotoms measwraments. {d) Profile comelstion analysis in Porsous to visualize diffarcnt LFAD-
intensity profiles over vasious conditions

4 Notes

i

. Ultrapure water is prepared by punifiing detomized warer, to

attamn a resisuvigy of 18 MQcm ar 25 *C. Furthermore, all
materials and reagents used for expenments should be free of
polyethylene glyools or detergents as chey interfere with down-
smream LC-MS/MS analysis.

. Phenol red has a mass of 354 38 Da and interferes with

LC-M35/MS analysis by generating a charped peak in che
chromarogram.

. An alkaline pH (pH 8-9) ensures the selecove alkylagon of

CYSICInes.

. Repeated freeze-thaw opcles reduce the proteolyoc acmary of

Trvpsin and LysC. Frecze-thaw one aliquor 2 maximum of five
omes.

Proteomic secretome experiments aim at determiming quanmn-
tatve differences berween samples. Therefore, suimble con-
wrods for comparisons should be included, 1.e., basal secrenon
from non-acovated cells to evaluate acovaton-induced secre-
oon. Depending on the biological gqueston, compansons of
different agonists, cellular differentianon or scovanon soares,
genotypes or cell types may be valuable.

. Perform all the expenments in at [east mpbcares w faalitae

soansncal analysis. Biological replicates instead of technical
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11

replicares should be considered to capure expenmenal van-
ances sufficientdy.

. The LC-MS/MS workflow requires serum-free condinons

because high abundant serum proteins in supernatants result
in low idennficanon rates for secreted protweins due o dynamic
range hmitanons: Le., ngh abundant pepodes from the serum
hamper the sequencing of lower abundant pepodes from
secrered  proteins.  Serum-free condidons may  affect cell-
viability and responsiveness and we recommend prior assess-
ment. For example, the cellular response wpon acovanon in
serum-free condinons can be evaluated wath anobody-based
methods in companson w scandard condinons conaiming
SCTUM.

For cellular activanon with proteins or igands thar require
albumin or serum for funcoon, pulse cells with the agonist in
condinons opomal for acovanon. Before secrenon 15 induced
efficiendy, i.e., 1-2 h upon acovanon of TLEs in bone marrow-
denved dendrine cells (BMDCs ) or macrophages (EMDMs)}—
wash the cells and replace acovanon medium with serum-free
medium without phenol red as desanbed.

. To mimimize basal protein secrenon as well as intra- and inter-

cellular feedback loops in cellular sgnaling cascades, selecnon
of early ome poing upon acovatdon may be advanmgeous.

. The secretome workflow 15 companble wath different expen-

mental serups. In our protocol, supematants are collected in
cell culture dishes; however, the cells can be differennared or
acovared i viro as well as in vivo. Secretomes from primary
cells somulated in vitro as well as from FACS /MACS-soreed
cells direcdy 1solated from humans or mice with defined mear-
ments or pathologies may be parocolarly valuable.

H the cells are acovaced in vivo, 1solate cells and collect
secrered proteins ex vivo in serum-free medimm.
For large scale or opht ome course expenments, removing
detached cells and cellular debris by centrifuganon {5 mm ac
350 x g) is an opoon.
Cell wability may be affected by serum-free condidons.
Therefore, we recommend performing cytotoxicity assays such
as the LDVH assay or trypan blue exchesmon assay. If cell viababry
is less than Q0% in serum-free condinons, consider workang in
the presence of 0.1-1 pg/mL albumin or serum or a pulse
smategy as outhined in Note 9. In case these opoons do not
increase cell viabilioy, protein-free medium may be worth con-
sidenng (such as FreeSoyle 293 Expression Medinm from
Thermo Fisher Scenofick, although these media may require
an additonal acerone precipitaton step.
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. Measure the absoflute amount of selecred secreted proteins,

ie., cytokines, with anobody-based methods. If absolute
amounts of control cytokines such as TNF or IL6 are below
10-1(} pg, increase cell numbers o adjust o the derecoon
Lt for LC-MS /M3 inscumentanon. As a reference, a few
hundred thowsand BMIMCs and BMDMs activared with 100
ng/mL LPS for 6 h secrete sufficient amounts of proteins for
2 MS-based secremme analysis.

Urea 15 labile ar higher temperamures and resulong cyanares
can lead w protein modificaton (i.e., carbamyfaton of pro-
teins ). Make sure sonificaton s carmed out on 1ce or while a
coing pump is running and perform this step in the cold
rOOm.

Reducoon and alkylanon is an important sample preparanon
seep for LC-MS/M3 analyss. Low alkylanon eficency of oys-
teines leads to decreased idenoficagon rates, because unmodi-
fied cysteines are onidized in gas phase spontaneously or are
not identfied with standard search stratemes.

To increase sequence coverage of proteins (Le., number of
pepodes per protein) consider using other specific proteases
(1e., Chymorypan, GluC, etc.).

One C18 layer 15 able to bind 2-4 pgr of digested protemns
[16]. Do not load more than 15 pg of digested proteins per
StageTip (three layers of C18 solid phase exracoons disks ) o
avosd overloading and potenoal loss of more hydrophilic
pepodes.

Pepodes should elute uniformly across the complers gradient
and reach a wotal 1on corrent (ML) of wp to 2EI0 on a
QExacove HF (Fg. 2c).

MaxQuane includes a bist of common conmminants o the
database search, ie., BSA, Trypsin, homan collagens, ecrc.
Thereby, incorrect pepode assignment (Le., ovpe I errors)
from contaminanng pepodes is prevened [17].

Prior to Perscus analysis, open the summary.m file from the
MaxCant outpur folder, 1.e., in Excel: check if the number of
peprdes (in the column Pepudes Sequences Idennfied) is
comparable across samples. Also, the percentage of idendfied
MS/MS should be above 30% in secrecome expenments
( Column: M5,/ M3 Idenofied [%]).

A normally dismbured dataser is & prerequisite for many stans-
ocal hypothess tests. If your datsser s not normally dismmb-
uted, check for problems with the biological expenment,
sample preparanon as well as LC-MS /MS system.

Mizang values ocour if proceins are of low abundance and
thereby only stochastcally sequenced by the mass spectrometer.
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Replacing missing values with a fixed value (ic., 0 leads wa
bimodally dismibuted damser (not companble with many sta-
nstical reses). In Perseus you can, ie., replace missing values by
inserting random values from a Gaussian dismbunon centered
arpund a downshified median (imputaton from normal dism-
buoon) [18].

21, A Pearson correlznon »0.85 is expected for replicaces of secre-
vome measurements. For bioinformancs sample normalizanon
in the Max(uanr environment, the LF(Q) quanoficanon algo-
rithm assumes comparable row intensioes (e, high reproduc-
thalicy] for a large fracnon of pepodes. In case this ontenon s
not met (e, when companng mwo conditons which differ
sigmificantdy in  cellular viability), prowin quanoficanon
becomes maccurate. Therefore, we also recommend confirm-
ing selected LO-MS/MS results, i.e., with antbody-based
methods [5].

23. Prowomic datasers conmst of thouwsands of measured data
puoints leading to 2 multiple hypothesis testing problem when
performing two-sample rests. A permomoon-based false dis-
covery rate { FDR) can be used to esnmate the number of false
pomove sigmificant hits [19]. Smandard serongs in Perscus
usng 2 FDR of 5% with 50 correcoon are sustable for a smanso-
cal analyss of secrerome expenments.

24, Make sure thar caloulagons for fold-difference of secrenon are
based on measured LF() data and not imputed dara.

25. Highly abundant intracellular proteins represent potenoal
contaminants i cellular supernatants since their releass may
be a result of cell deach. Correlanon analysis of secrepome
wotal protein expression data can indicare whether certan pro-
teins might be present in secrecomes due o cellular leakage.
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4.4  Project 4: Quantitative and Dynamic Catalogs of Proteins Released during Apoptotic
and Necroptotic Cell Death

At the level of individual effectors, TNF-induced cell death has been intensively explored. Numerous
studies utilizing genetic mice models established the critical role of TNF-dependent apoptosis and
necroptosis in inflammatory illness models. While necroptosis has long been regarded as a more
inflammatory cell death route than apoptosis, few proteins have been identified to be secreted
particularly by necroptotic cells and to be potentially harmful. Additionally, past research on the release
of cytokines during necroptosis has yielded inconsistent results. Other recent publications in the field
focused on the production of extracellular vesicles as a result of endosomal exocytosis during necroptosis,
but especially on its effect on MLKL, the necroptosis terminal executor. Our study is the first to conduct a
complete and comparative proteomic investigation of proteins secreted by cells undergoing apoptosis

and necroptosis triggered by TNF.

Firstly, we achieved an unbiased perspective of the release of cytokines and other known immunogenic
proteins following cell death using our systems-based quantitative approach. Secondly, proteins were
identified released as a result of cell death type-specific pathways. Two mechanisms that are active during
TNF-induced cell death were examined: (1) Shedding is occurring during necroptosis and involves the
activation of metalloproteases called ADAMs, which then cleave receptors on the cell surface, resulting in
the enrichment of receptor extracellular domains in supernatants. We present a systems-level picture of
this mechanism and demonstrate that shedding occurs late in both TNF-induced necroptosis and
apoptosis. (2) We detected an excess of lysosomal proteins in the supernatant of necroptotic cells prior
to complete membrane permeabilization. Interestingly, we discovered mostly luminal lysosomal
components in entire supernatants, but necroptotic cells' external vesicles included predominantly
lysosomal membrane proteins. This observation, together with the detection of lysosomes at the plasma

membrane, led us to conclude that necroptosis initiates lysosomal exocytosis.

To summarize, our study provides comprehensive, quantitative, and dynamic catalogs of proteins
secreted during apoptotic and necroptotic cell death. This provides a foundation for examining the
intricacy of biological processes that occur as a result of or are governed by these forms of cell death. Our
findings indicate that a surprising variety of distinct proteins are secreted during cell death. Only a few of
these directly contribute to inflammation, while others are more likely to work in more complex pathways.

The project was a group internal collaboration with Maria Tanzer.
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The corresponding article was published in Cell Reports in 2020 [326].

| have contributed the shedding analysis providing a tailored bioinformatics workflow in the R

environment.
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The inflammatory functions of the cytokine tumor
nacrosis factor (TNF) rely onits ability to induce cyto-
kine production and to induce call death. Caspase-
depandent and caspase-indepandent pathways—
apoptosis and necroptosis, respectvaly—regulate
immunogenicity by the release of distinct sets of
callular proteins. To obtain an unbiased, systems-
level undarstanding of this important process, we
here applied mass spactrometry-based protecmics
to dissact protain release during apoptosis and nec-
roptosis. We report hundreds of proteins releasad
from human mysloid calls in ime course experi-
ments. Both call death types induce receptor shed-
ding, but cnly apoptotic calls released nudeosome
components. Conversely, necroptotic cells release
lysosomal componants by activating lysosomal
exocytosis at early stages of necroptosis-induced
membrane permeabilization and show reduced
ralaase of corventionally secreted cytokines.

INTRODLBCTION

Tumos necross leinr (THF) = a majer contributer o many in-
flamematery diseases, ncluing paoriasis, Meunmatoid anhitis,
and inflamiratory bowel disesse |Bradiey 2008, This has
nifially been nked 1o TNF-inducsd production of vasous cy-
tokines via nuckar factor w8 (NF-cB) and mitogen-actvated
potein Mnase (MAPK) pathway actvation (Braciey, 2008)
Subsequent reports, however, revedad a major mie of TNF-
induced csll death in inflammatory discases (Fock amd
Wona, 2008). Banding of TNF to fis recepior TNF-R1 acivates
the NF«B and MAPK pafvways, bading 1o cyloking prosuc-
tion, Callubr nhbiby of apoptosia 1 and 2 JelAPT and
cIAPZ) reguisie the actiabon of these paihways via ther E3
ubiquitin Bgase activity towand mcepir-inlemclng serina/
thrennine- profein Kingss 1 (RIPK1) {Bertrand o1 @, 2008 nhi-
blion of clAPs wing srall mokedaides called Smac mmelic
(3M=) resuiis in decreased NF-cB signafing and caspase-d
achvalinn (Asian and Schedenst, M0T1; Vines of &, 200,

1280 Call Asparts 30, 12601270,
Thix i= an open accass arfics under tha

28, 2(00& 2079 The Authors,
BY-MC-ND licanss frtioe /' crast s oonmons orgllcesssby-no-ndd ).

Varfolomesy &t al, 2007). Thia irigpers the acivation of
downsiresm caspases and inffisles the apopiolic process,
ahenicange (E more, 2007). Dusing the sary stages of apopioss,
phosphatidyiserine & sxposed on the ol surfscs, which is
mcognized by macrophages hat enguil dying cedls (Fadok
o ., 1992). Alhough releassd histonss have been destribad

silent death (Eliof and Ravichandean, 2010)

Caspase inhibilion pevents apopiosis, but n many ced
types i iriggers an alemative cel desh pathway lenmed nac-
moptosis (Varcammen & al, 1998] Upon TNF signaling, cas-
paae-§ reguistes necroplosis by deaving RIPK1 (Oberst
o oal, 2011; Pop o &, 2011) Caspass§ hhibition leads 1o
afophosphoryision and acivaton of APK] and RIPKS.
Actve RIPK3 phosphonyiales and activaies the pseundokinass
mibed Ineage kinsts dofmain-fce protein (MLKL Moty
o 81, 201% Wang e al, 2014, Tanser ot &, 3017 Active
MLEL transipcates to the plasma membmne o nduce mam-
brane ruphise [Hildsbwand &f al, 2014, Sun et al, 2013, Nee-
mploss is primarnily hought of a8 an immunbiogically reactive
process, becauss of bt Bel Kinelics, the relaase of darmage-
aEmocated moleculsr patems [DAMPE) such as high mobility
group box 1 protein (HMEET) and ATP, a8 weld as reduced
matrophage anguifment (Kacemarsk of 8, 2013)

Different modes of cell death can bead bo significanty
different physiclogical oulcomes Trough the release of
dishnel molecules Fod eomfmpls, | was recenlly reporisd
that necroplotic call deih in confast to apopiolic cell dealh
can drive & systemic immune response, eading o tumor
mgrassion (Gnyder et al, 9. The same group showed
hat cytokine mANA ransistion continues at the endoplasimic
mliculum (ER) during necropineis sven afer plasma mem-
berane apture (Crozco o al, 2019) Anclher sty reported
mal the cef death-dependent cybokine microsmvironment
dedermines the Ineages axmmiliment and fosby the hanmmdul-
ness of hepatic cancer (Seatmwer o al, 201 B). Other studies
oompared e ablty of oyipkine and chemoldne release by
apoplotic and nedroplofc calls [Keamey &1 al, 25 D
o al, 2018) However, whereas Keamey ol al [2015) observed
a decreass in cylokines relemed by necroplofic cslis, 7hu
o al @0H repored an acthvalion o pro-inflameratory

-
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cylokine gene expresson nstead Togelfer fess sides
underiine e diferent properties of apoptotic and necroptofic
oalis on fhedr simnosmding micoenvinonmen, which would now
make it atractive to systematically investigate the released
calhilsr contents.

Mams s pacinomety -based protecmics has matued remank-
ably in recent years and now provides a comprehensive
discovery 1ool i address diverse biological questions | feber-
said and Mann, XN6; Larsnte and Lamond, 2015) Hene we
5=t ool {0 dentify proteins released by apoplofic verss
mecropiolic coll death profeEims wsing a prolesmics siratagy
we develped recantly for the sensitive defecion of secrated
profeins (Messnes o al, 2013 Fravenstedn and Meissnes,
M8}

We induced TNF-medisted apopiosis and necroptosss in a
ymphoma oedl fine and human primary macrophages. Proteo-
e analysis of supsmatants and of enrched ssdracsihbsr ves-
icies shed fight on processes reguitted dusing nedroplosss and
mpoplosis and Te ool death hypespeciic reeass of
cylokines

RESULTS

Differemtial Rslasss of Protedne in Celle Undergoing
THF-induced Apoptosis smd Mecrop tosis

Todefine the nflammatory polental of apoptosis and necroplo-
i on A gobal scale, we sat aut 1o Hentily proteins reeased by
oalls undengoing THF-medaled apoploss or necroptosis. We
induced both forms of cell death in e hisfocytic hmphoma
el fe LUMAT and it huiman prman macophages, two cell
types fraguently wsed 1o b thess cel danth patways
{Tareer &t al, 2015 McComb & al, 2013 (Figure 14
Bpophiass wias (rigpesd by THF and the S bnapant, whils
the further addition of the caspase nhibitor IDUN-8556 (DM -
6556) led 1o necroplosis. Both processes showed similar ki-
netics when ooimpaing caspase claavage (Figus 18), a hall-
mark of apoplosis, with phosphonyiation o MLEKL (Figure 1),
a halirark of necropiosis Dusng necoplosis, activaled
MLEL framebcales to he plaama membans and bads 1o m-
medisle membrane pormeabliration and propidium . lodide
aks (Hidebvand o &l X014), wheres apopiodic calls retsin
plas ra membrane inlegrity unti the laer stages when s ecomd-
oy nedrosis ocours (Figus 10 Figure S1AL A recent report
showed that active caspass-B can claave gasdesminD, &
pore-formmiing protein hal nduces plasma mambrane ruplure
dusing pyropiosis {Oming = al, 2018). We cannol exclade
processing o gasdenmin-D & later Bme poinls of apopioss
Neverdheiss, the slow Kinetics and reduced level of propidium
indide inake (Fgure 10 and the delayed relsmse of HMGET
{Fipuees 528 and S9C) (& prominent mankss of Necropioeis
and pyroplosss; Kacemarek &1 al, 2013) are stong indications
aaingt a poential ivolement o pyroplosss upin TMNF and
SM stimulaton, & lans! before sacondary necross.

To analyre profsins mieased by apoptofic and necoptosc
calls, supsnalanis were harvesied and digested, and the
resulling peptides wene direclly anahyred by snglerun bgusd
chromaingraphy mass speciromelry (LO-MSMS) coupled 1o
high-resolithn mass speciromelry on the quadrupas Orbitap

analyrer (STAR Mehods Figure 14) Label-bee quanification
of fe M3 deta and sislisbesl analysis were perfamed wing
MaxDuent and Persses {Cox and Mann, 2008; Tyanova =t &8,
201 6). Overall, 3,507 proteins wes dentfied trom LUEAT super-

exncient
518 and S1C). Mecropiolic supemaiants fram taer fime points,
when merbrans pedmeahilsation ecouned, separated from the
rest of e samples {Figuss 518 and 510C). Consistently, the
Iels of hundreds of protens were sipilicanly dhanged in the
supernalans of necropiotic colls, compared with control sam-
pies (Figure TF). In confrast, this was the case for only 34 protens
in apopiosi. However, & a kaler time poinl apopiofic cels,
which undergo secondsry necrsi, also signficanty eleased
several hundreds of peoteins (Figes 5101 The fold changes
of &l profeins mess red aoross seven apopiodic and four nec-
rpiotic tine points comparsd with respective confrols ae
pronided in Tabie 51 When we anahyred he prolecms o the
dying cels, the most sppacsnt varaton i prolein Bueis
oocimed in necoploic cells, iInchuding a sduction in cytosodc
profeins, and an intrese nmiachondial profeins and protens
Iocated af the ER {Figure S1EL

The Release of Comenti onally Secreted Cyto kines B
Significantly Reduced in Necroplotic Calls

THF hduces the producion of a wids range of eylokines
required Io fight infaction, and we were particutary iderssied
i the eflect of THF-isduoed cell denth on el relmase. CC12
and ILE wers ol sirangly induced thvough TNF slimudsfon
in U9G7 cefis (Fioures ZA and 2H), boking & all
fretieved fom the keyword annotation "Cylckines™ STAR
Melhods). Al later Bme points, levels of GCL2 and ILA were
diminished in supemalants o apoptoc celiz, bul his was
ot amtistically signfficant. However, we obsarved a significant
downreguiation for bolh cylokines during necrophosis
companed with THF-only trestment To confim our mass
spactomelry resuts, we used enzyme-finked Fmrmunosorben
aszay (ELISA) b measure level of CCL2 and HMGET in su-
pemalants, which showed a simiar trend (Figures S2A-52C).
COL2 and ILE contain an MN-terminal signal paplide and am
therefore part of the keywosd anndation “Signal” (hereafter
refemed to as signal poteins). The sgnal peptide medisles
convenlional seeralion Dhiough 1he ER-Golyl secmiony
pathway. Oiher comventionally secrefed cylolines were also
downrequialed a later stages o necoplosia in LSS oalls
{Figu= 530 and primary macrophages (Figures 2C and 20;
Figure SZE) Leveis of most non-convenBionally released
eylokines were primardy umafiected or neresed in necrop-
tatic supermatanis because of memivame pesmeabiizafon
{Frou= SF)L AMP-1 levels, for example, were envidhed in a
minor WA sgeificant way i ecropiolic  supssatants
{Figue 527

W axamined the reesse of al conventionally mslsased
profeins bo st whelher the secrefon of the ER-Gobgi nehaolk
is geneally affected by necroptosss. Surpeisingly, we defecied
a increased misace of signal profsins &t 3 h of necroplosis
veatment (Figure 2B Figure S2G), while infracelluler lovels o
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Figure 1. Supomatant Anahysis of Calls Undorgoing THF-induoed & poptosis and Hooroptosis

Ay Scramalc woesdhow of o neTaian

praassrg
(B arad ) Immarickiot of USET cals imafed with DMI0. THF (30 ngimi ), ard S (oriranart, 250 ribf) & indoics anopicals or wils THE, SAL and ION-B555

(IDN-BS56, 10 ) 10 Iduos necroptasis dor 1=7 b ardl biofied for S
phesphoryiated MLKL (D) and B inading conirol GAFDH.

cisad £ ard o 3§ and T reTropiofic marker

(D% Cad cleataralysis by Sow cylorneiry of propiciom idlde D caifve oais, which weos Teated as indoated over 21ime couras of 1=7 b (S5 n=3 or 41
{E) Muminer of all profeirs qUEnied in S supsmatan of o Teaied as irdicated In D)
{F) Murminae of sigricartly dhanging (oS I Snamatants of calls et 2 ird iated (Sndents § et tias decowasy mas [FOF) = [0S,

the same protens were unaflected [Fiows SIH). Protsins that

sfmulstion was most s fongy nhibied in necoplobe calls by
brefeidin A treatrment (Figure 2F), which eads 1o disruption of
the Golgi apparalus. This indicales fal e ER-Golgi secsiory
pathway is actvated o earty stapes of necroploss.

However, a 5 {Figures 521 and S2.0) and 7 h of smulaton
{Fgue 2E) we delecied lower signal peobeins in supematants

1262 Call Repad=s 30, 12601270, January 28, 2000

o necroplefe ceils compamd wih Be montel reated cels,
whie infraceliuiar levels were again unafecied (Figus 53K
This cormesponds to e missng irpact of brefeldin A on
fie signal protsin Bvel N supsmatails of necoploic
o8l Fealed for 7 h (Figurs TH). To detenrine wiether degrada-
o of sigmail protens ooours becawse of an nremed rekass of

woridiow. In necroptofic supsmatants & 7 h o necopbosis in-
ducfion ssmi-typlc peptides o signal profeds are skghlly
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ncreased compansd with e same peplides in necroptolic su-
pemnatanis at 3 h of slirulsfion [Figus S01) Howewes, no
semi-yplic peplide of e conventionaly mieased cyiokines
CCL3, LB, and GAN could be deteched. Necroplodic supema-
tants contained primarnily semi-y phc paplides of other proteins
han sgnal potedhs (Figurs S2), suggesting thal the reducon
of eonvenbonaily reeased probeins i supermatants of e -stags
necmplobs colls i nol only e 1o indressed peoteolylic pro-
cassing. This ndficates that the ER-G ol secreinny patfwayis in-
hibited af ater stages of necroptosis.

Alfhough e inhiblion of e ER-Golgipathway atlaker stages
of necropiosis prevents he mimess of comnventipnally sekeased
oylolinas, THF-induced oyinbines COL2 and IL8 levels were

L
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dready reduced a8 3 h of stimdaton
compared with TNF freatment alone. To
teal whether CCL2 = imnacribed in
maponss o THF during necroplosis, we
measured s mMANA level and found a
svong reducion compared with TMF-
ondy treated calls after 3 and 7 h of stirmu-
Btion (Figers S3M). The expession o
dfer TMF-Induced genes in U037 calis
was alse compEsTied. Of six probeins
strongly upreguisted in response o TNF treatment, we only
found SOD2 being upseguiated during necnopiosis | Rgurs S2N).
SOSTVH, NFKBZ, 1GAM1, PLALI and.JUND, which as af pram-
nent trgets of THF, wem not indused during necroginss

MH-fek

Riecoptor Shedding Occurs in Necroptolic and Apoptotic
Calis

Comparing profeins mieased by necropiotic supematants and
apoplotic celis, we MenHlied several profins assigned 1o the
keywerd annolatens “Recepler” as mosl enviched in boh
supematants (Figees JA-30; Figure 534 Table 52) This &
uniikely fo be & comnEequence of passive profein release
caused by membrane damage, 85 necropios s and apoplosss
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induction &t 3 h precedes memibrane penmeabilzation [Fig-
wre 0. To test whether the detected mceptors am instead
refeased vin exotyiosis, we purfied sciracelulsr vesicies -
g serial centrifugation (STAR Methods), Profedmic analysss,
however, showed no enrfichment for recaplors in esdraceliiar
vesicies of necoptotic and apopiotic cells comparnsd with the
controd (Figure 30, Figure S3BL Next, we sought 1o daterming
whefer ectodomaine e clmved off the meepinrs and
thersone endiched in necroptolic supsmalants Indesd, pap-
tides derived fom receptor ectodomains were preferentally
reeased o the sypematant, whereas irans membeans of
cyloplasmic doman peplides wers @ther not csecied or
ol ensched companed with supematants of DMSO-treaied

{Figuee IF, Fgure 5300 A recent shudy showed that shedding
duiing necroptosis confibutes o inflammation and el
death in an MLKL-dependant manner (Cal o al, 2016) We
chow hers thal shedding si=o oocurs 10 & lesser dagres in
apoplotic calls. Westem biot analysss on e oall lyssies did
ot defect phosphondatediactive MLKL & any time points
dung apopioais induction, Ailing oul he pocsahiBty that mec-
ropiotic cells were present during apoplofic stimdaton
(Figuee S4).

Hexd, we tesied whether this shedding i mediated via A
disintegrin and metaloprofeinase 10 (ADAMT0) and 17, which
e mambers o the disintegdine and melaloproleinase Bmily
{Cai et &, 2078) Indeed, specific nhibifon o ADANMIT and
ADANTD with GWEBICEDC reduced the release of receplons
i necroptolic as well as spoplofc colls, whils the rdesss o
proteins wilhout receptor amotafions remained undangsd
(Figures 306 amd 3J).

Thie ki of ot speeificlly fof ADAM substrales complicaes
substimte pradicion | Goor, 2070), and we wished 1o inves Byt
fihere was a rellionship between receplor Atundance and re-
caplor shedding. Foem the protecmic analyss of scaplor Bvels
in unfreated cells, we conchede tat the expression level teel
s o impact on shedding (Figure S3F). Futhermore, the
enrichment of shed receptons in e supsmatant of necoplotic
cells comresponded with heir de-errichment in these oalis ot
3 h after induction {Fiswe S30).

HNearophoss-inducad shadding was strangly inhilsied in LE37
cells deficient for RIPKS, the key actvator of MLEL, or i US37
cells additionally Fealad with the FIPK1 nhiblor recastatn-1
Hec-1), where activation of MLKL cannot occur (Figures 3H
and J; Figures 53H and S3). n confras! o= hedding during nec-
roplosis, apopiosi-nduced shedding was ol preventad in
RIPK3-daficient UGAT cells o by addition of the RIPK1 nhiblor
Mec-T (Figuses 3K and 31). This indicates fel TNF-induced
shedding can be complstely pravented anly by blocking both
caspase actvation and e necroptolic patway. Hance, we
oonciide tha he shedding of receplos otours during TMF-

nchicad cell death and & nol only resiniced o necroplosss
(Fgure 3M

Apoptotic Cells Exclusively Relesse Histo nes while
Recroptotic Colls Rekeass Lyssomal Proteina

W ol arved the relbase of apopiotic- and necropiolic- spes e
profeins. A group of proleins annotabed 85 NUCISOS0ME COMPo-
et were o slrongly aviched i supermtas of spoplot
colls |Figures AA-AC Figlres S1A-5S40) 8 3 h when DNA kag-
renlaton and chromain condensabon were delected (Figuss
4D and S4E). This was net Bie case i nedroplosis, in whidh

profeins after 3 h of necroplosis stimulaon (Figures 44 and
a4 Figue 540G Table 53, which was not evident during
apopioss. The relenss of iy Sescimal Componants was stongly
rethicead by the RIPK1 hibior Nec-1 and aven mos S0 i
RIPK3-delicient LIS37 calls, snppestng & mecroploss-specific
releate pathway (Figures S4H and 549

Because many lysosomal protens redquire claavage for full
activation, we examined wihether the released sosanal cam-
ponents are presen i maore chaved] o premalure juh-
deaved) fonma Maldhing fe paplide sequences to their pro-
ins mveaied hiat the majprity wess iocated within the mature
fonms o profeins relsased by necoptaic calls (Fgus S4).
Consisently, we delecled an hirease of makre cathepsin B
i cathapesn D in suparmatants of necropiolic ol companed
with DMSO-tresied cefls by inmesobloling (Fore S4H.
Furthernmone, we dbserved & spnificant noreass of semi-trypsc
peplicas wilh compamble eanaiios (o ypbs paplites of e
same proleis n the supematants of necoploic cels (Fig-
ure S4L). Thei mear doulsing (817 h) proves 8 damabs noreass
of enzymaic Aty i the supsmalans of ecoptobc cals.
This i bess el due o ncreased ADAM actvly, a5 ey am
active bafone and a1 3 h of mecroplosss ndkection. The ambens
of &l peplides idanified across reatments &id nol significantly

change (Figus S4M).

Memibrane Pamsab fization during Necroptosis
nduces Lysosomal Exocytosis

Saversl stufies have implicaled the lysoesmal machinery in nec-
ropiosis. The bursting of lsoscimes within cells during neaopto-
s that preceded merbrane permeabiivzalion has been
et o [/ snclen Barghe o &, 2010), and a role for MLKL in
andoscmal trafficking and increased vessche formaton has
bean reported (Yoon ef &, 2017). Taking hess shfes o
consdesmtin, we asked whether ysosomal profeins were

(¥4 B piot showineg [0 fold Change of all prodeins (gray), racepions (ol e, and T 480 Mos1 arTichsed Mo 10m (dark bioe) presant In supsTatants of
cafls. deficiert oy RPRE meaten with TRF and S companed wihwic-1yne oels Treaied the same for3 b

1L Bvwmerrm ol s hvowaneg g, i chmngys of o ped irs iyl racsions e = 2.0 i 10, FDR = 0L1). ancd1Fe ien most srdched recepicrs {dark bus) prsent
I supeTalads of cals eated with THF, SWL. and S RIPE inkibitor recmataine | - 1) comeansd wilh cals raoisd wi THF and 54 for 3 Foore.

(M Scharmes of mecapior shd ding dow rEsam of pceiosls. ard recrmntals nd Lo
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vesiche hoamaton and ramoval of MLKL from e plasima mem -
brane, were incrested in exraceduar vesicks derfved from
mnecoptolc cells compared with confrol or apoptolic cells afier
3 hof stimudation (Yoon o &, 2017, Gong et &, 2017) (Figures
4F and &F; Figure S40)

Infsrastingly, we dbeerved & sgrificant enidwment o fyso-
STl components in extracelllsr vesicks of necroptotic celis
(Figures AF and 4G Fguws 5400 Luminsl lysosomal probeins
were preferentally preseand in lolal supsmatents, whesas
mefmibrane-bound ones were found mainly in purified extracel-
lkar vesides (Figues SH and 40G). Distribution of lysosodral
embrane and hsosomal kerinal proteins difered significantly
ip < 0UDDM). In chesical endosomal extcyiosis, uminal and
membrans ysosomal profens would be co-reeased in &ira-
cedhiar vesicies, which & nol the case here.

An aflemative process, termead ysosomal exocytoss, which
GO i fesponss bo plasme mem brane permeabillizstion, for
example, through lonormycin trealment or mechanical stress,
has Alen heon described in TMF-{reated | 900 calls, prasyusrably
o repair platma membranes (Andiews, 2000, Reddy = al,
201 Ono et al, 2001). In ihat process, The hsosomal meam-
brane hsos with the plasms membrans, relsasing is cango
o the edimcsiular space. This coresponds with our oboer-
vation tat minal fysosomal protens aneanriched in the supes-
matant, and membvane Esosomal proteins ane ammched n
extracelular vesiclss Thatl s contain plasma membane
A=a he erichmen of caicium/phospholpid-binding and
SNARE [SNAP receplos) prolins, which play an important
ok in vesicle fBon in responss bo increassd nracedular
Fres calsm upon membrans permeahilization, fits the model
of Wysosorral exscytonds (Rao of al, 2004, Shen el al, 2016)
{Figuees JE, &F, and 4K Figure 340,

To detedrine e pole of ysosomal sxocyiosis i e i
of ysosomal components, we nhibied lysosamal exocyloss
wing vacuodn, which leads 0 homotypic fugim of endosnmes
and hysosomes. i blocks calcium-depandant exocytosis in a
cell type-dependent mannes (Cenny et &, 200, Lu s al, 2014,
Srak el al, 2009). Teatment of necroptodic calls wilth vatdlin
partially inhitited the reease of ysosomal companeants in the to-

! supernatant (Figeres 41 and 40,

Chmonic inflammainey THF-induced cell death i a major conlrib-
uler to a range of inllammatory diseases, 8% dying cedls expose
WTITRAGgeNE prokins norrally found wathin (e cell. Our prale-
odriG approach provided a comprehensie and unbiased view
on poteins resased by apopiodc and necroptolc cels. As
e pariod, rany proteins were stlebeaily signaicanly changad
i supemaEtants of apopiolic cafls compasd with contol This
WAS venl more pronounced i nedroplosis, particulary A
e e i

The relass of gro-nflammaiory ciolines confibues 1o
e Fnrunogenicily of cell geath pathways. Whesas coven-
fonally released cylokines were generaly mduced n SupsdsE-
tants of neaoplotic calls, non-convenBonally resased oy okines
ware primarily unchanged of inceased compared with TNF
alone or apoplosis. Plasma membrane paameabiiration fac-
tates the unconventional rslease of cylokines. The reduction o
onvertionally relssed cytoiines & dus 1o the inhibflion of
e ER-Golyi raflicking peihway & iser stages of necroptosis
and the earky phsma membrane pemesbdizaton, which s
mosl ey the reason lof cofrprommised Wansoplon and
expression of THF-induced profeins. These findings do not
confBet with e msulls of Orozoo o1 4. (2019) raganding contin-
s cyiokine mANA tmnslsfion despis plasms membrans
permeabilzaton during necroploss, becauss the cylosne pro-
duclion of stimulsded ving cells B aipaciad o axcead that of
mecoplofic cals.

Ofer Immunogenic profeins were diflerentially misased by
apoplobs and meaopiolc cols, snch as hishnes, which were
ncransed only in supernaans of apoplotic cells. They are inked
1o diseases e lpes (Chen ot al, 204, Radic o al, 2004,
chiedis obslneEve pulmonary diseas e {COPD), coralval siroks,
and sepeis. Conversaly, HMGE1, a highly inflamimatory mode-
cule, was ncreased in e supsmatants of eaoplobc celis ax
prevaously described (Magna and Pistaky 30141

Besides the deteciion of profeins with known intercefiuiar
functions, our sludy provites nEsghis o nraceuls madha-
msms thal cocur during THF-induced call desth and thal may
st contribule o inflammaton. For example, we observed an
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enschment of moaplon scinaomamns in supamaants of necop-
totic and apoptofic cells due to ADAM-mediated s hadding. This
B a physdogically importanl process: the chavags o call
adhesion proteing promotes detachment of dying celis from
Eurrounding lEsue recepior desvage abmgates signal (rans-
ducon into the coll as well 58 between calis by the ganeration
of decoy recepion deavage (Blaydon & al, 2011, Jones o al,
20r16). Together, this awilches signaling within dying calls to
signalng between calls by fe relase of auoorne and pamcsne
signak. Shedding was akeady reported to be activated during
mecroptosis (Cal ol &, 2016, Our dala prnide a cataloy of
profeins alected and demonsirale thatl it cocurs & Bler &bpaes
of TNF-induced ool death and can be prevented only by
nhibiting both apopiotic and necroptolic sxecuboners. Furfher
shidies should delineate he intercelular activities of the distinct
signak reestad by the different fome of cell death on mesgh-
boring celis.

A second unex pecled group of proleins released by necmop-
todie colls balong 1o soecmes. We conclde al this & cased
By by soesnimal fus ion i e plasma membrane, 8 mechanism that
results in he reease of Wsosomal cango into the supematant in
response b merbrane permeabilizatioen, desoribed s hso-
somal eocyloss

Lysosomal exocytoss was ofginally described as a plasma
membrane mpatr mechanism in maponss to Ca™ influx (Feddy
el al., 2001 ). A stidy on the infection of pathogens with bacterial
type Il zecration sy=tem confinhad this rode (Foy ot al, 2004).
During necropiosis the ESCRT madhinery ramoves MLKL faom
e plasma membane o preven mambrans permesbilization
(Yoon et &, 2017; Gong & &, 2017). We specatale il st
somal eocyloss s an addiional and very Bsl reson to protect
e ol faom death (Ono o al, 2001 ). Lysosonmal ooy i06is was
also vesbpaled & 8 defense mechanism 16 remove ntrace-
lubsr pathogens (Miay of a1 2015, bl the afiact of Weosomal
enrymes on pathogens n the extmosfuiar segims has not
bean shafed in detal. Many haosomal enrymes wiork bast at
acific pH but may =il retain some enfymatic actvly in he
exiraceluter space, which = sulficien! (o degrade e exirace-
hutsr maldx (Fonovic and Tork, 2014 This = consisient with
our cheervation of increased semi-eyplc peplides in supsma-
tanis of necroptalic colle, which indicales intraased protenhtic
ackdty. These hsosanal snrymes may alss affed cels in
close prosdmity. Whether lysosomal exccytosis folowing mneo-
rixphois nduclion &= just A consequencs o call Mermbrans -
meabiiration ora st chanos o rescuwe dying oelis, and whether
it significantly affects the amvionmen, such a8 pathogens o
nedghboring cells, are exefling questions for fulure shfies,

In conclusion, our shudy provides in-depth, quantlative, and
dynamic calsiogs of prolie differeniislly and commonly
relansad during apoglatic and neceptobe coll death. This offers
a sofid basis for vestigating the compiesdty of biological peo-
cadtes (hal ae ellher incidentsl o reguialed, hanmiul oF ine-
tional dusing apoplosis and nedoposis. Our results demon-
sirate that an unespeciedly wide range of diferent proteins are
relmsad. Only stene of thes e contdibute direc By to nflarmmation,
wheress others am mone Bely loact in more compla: ways that
&8l nead 1o be sucdated in detal in thess very diflesnt modes
of cell death.
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LEAD CONTACT AND MATERIALS AVAILABILITY

Furites information and requests for resources should be direcled o and will be Tulfiled by the Lead Corlact, Felix Meissner
Y s Ly 02 THiS hudly did Aol generale new LGuS Maknias md reagens.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Experiments described in this sludy are paromed wih ihe U937 calliine andhusman primary macrmphages, U337 were purchased al
ATCE and eufiured in RPMI supplamentsd wilh 10% FCS and Pens/Step. Human primary macrophages were genamied by dating
PEMC = froem bufty coats|generated fom blond donations) using Histopague-1077 (Sigma- Aldrid, 1077 1. Monotytes were isolated
18ing a menesyle olation Kt (Miltenyi Biclee, 130-091-153), plhled and 50 nM GM-GSF fimmunoTools, 11173121) was acded.
Cails were Bl for 7 days B nduse macrephage dflerentiaion. Al el were stimubited and kept Tor (e anfre imatmen! duraon
i sedar- and phenol-ned free media (Thenmo Fisher Sciantilic, 11835063).

METHOD DETAILS

Sample preparation for protsomic analyss and ELISA o F eups matsmts

1.5 x 10F LE3T clts or Tull 24 welis of primary human macrophages wens frested with THF (30 ngén § andihe IAP inhibfior, hifinapant
3M, 250 nM) Compound A (2 pM) for human primary macrophages) to induce apoplosis or TNF and bisinapant {SM, 250 nM)
(Caormpound A2 pi) Tor human pelmany macrophages) and he caspase nhibitor | DUIN-6556 (IDN-6556/amscasan, 10 pM) to induce
recmoplosis, GW2BDED 10 pM, prelreaiment fior B0 minuies balore apophosis and necroplosis inducton), necrostatin-1 Nee-1,
50 pM), vacuodin-1 hacuoln, 10 uM) and brefeidin A (BFA, 3 pgiml, 20 minuies before apoptosis and nedroplosis. imducion).
Conrol cails wers Feaied with DMS0, TNF, birimapant and IDUN-6556 sione. For ELISA supemalants wers ke and proossssd
according 1o the manutacurer’s hatruction. For profeomic analysss s upematants werne spun for 5 minuies at 500x g 1o mmove celis
and filered Trough 022 pm fites 1o ramove ceall dawis. 8 M ureain 40 mM HEPES was addad 1o biing the sampie (o a final con-
centrabon of 2.7 M ures, which was subssguently somcated [Biorupted for 20 mindes. Podsins were reduced by e aodfting o
W e DTT and incubsded for 30 minutes al room tamperabers. Proeins werse aliyisted by the addition of 5 mM indoacelamide
and incubaied for 20 minules a1 reom lemperatores i e dark. 100 mM Thiourea was added before the addifon of 1 pg kel
and trypean and dipested over night at room emperaluse. Bnryme activily was stopped by the addition of 2% ACN and 0L6%
TFA and profeins were deaned up on G138 SlageTips (Fravensten and Meissner, 201 B).

Preparstion of extrace Bulsr vesicles
12 % 10F VST celk wem Teaked for Bwes hours wilh TNF and birinapant or THF and birinapant and IDUN-6556 o with DMSO
Sone as A contrd Colls wes spun for 5 mutss @ 500 x g Supsmalants were taken and spun agan ke 30 minutes 2
10,000 % . Supsmatants were taien again and spun for B0 minutes 3 100,000 x g to obtain exraceliiar vesises The pellds con-
Wining extmesiubr vesites wire washed with ice cold PES and again contrikeged for 80 mrinuies a1 100,000 ¥ g. Extaolkiter ves-
icdes were lysed in 8 M Usma with 50 mM Tris (pH8), reduced wilh 10 mM DTT, aikyisied with 30 mb CAA and digasted lor 2 houes

Cal Raport 30, 1260-127(La1-a5, Januasy 28, NP0 83
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with ly=C (1 pg/sample) before 1:4 dilvfion with 50 mM ammonium bicabonale and the addion of Fypsin (1 pgfsampls) . Teypsin and
Iy=C digeston ocourned over naght a1 rooen Lem perature and peplides were ceaned up by C18 sBge Spning.

Westom blotting
Twios mriillion calis wese @ frutaled, washed in PES and ke in buffer {1 9% 1GEPAL, 10% Glyeerod, 2mM EDTA, 50 i Tris pH 7.5,
150m NaCl) suppiernantsd with phae phatass - [Signa-Akirich, 2008545001) and prolesss inhibilors| Sirna-Aidnch, 46001 59001).
Lysates were kepl on te for 20 minutes and centrifiged & 16, 100 x g Tor 15 minutes befos: the addifon of 6 x SDS sample loatting
Esfer {450 mM Tria-HCL pH B, G0% (wiv) glyeerd, 12% bw/v) SOE, 0.02% W) bromophend Biue, 500 mid DTT) o the supsmatant,
foltwed by boilng and sodclion. For aremuneliolng of supematants ten milion celbs were sEruialed in srum-ree media, spun
downand proleins insuperatants wers pecpilaedwin be-ookd Acelons (06 final concentration). The next dey precipitites were
span dowin Tor 30 mrivardes 8 Wil speed and washed twicein B0% Acelone betore addiion of Bx S0S sample lading buffer, baling
and sonication. Separation otcurred on 12% Novex Tés-glcne ges (Thermo Fisher Scientific, XPOM 20B0X) and traatered
onto PVDF membranes (Merck MElpore, IPVHIDOD or Nivocslbee memivanes (Amersharm, 10600003). Mardranes wee
blocked In 5% milk and antbodies dilited in 2% BSA in PEST. Anlbodies wsed for immunobioling were as follows: anthhuman
casgpased (MBL, MISE-3), anf-claved human caspass3 (Call Signafing 9661), anti-human phospho (5358) MLKL jAbcam,
ab1BT0E), anti-hurran MLKL (Merck Millpore, MABCE0S), anE-GAPDH (Cell Signaing Technology, B884s), stk CATHEPSIN B
{Calbanchem, IMBTL) and anli CATHEPSIN D (Abcam, ab75825,

Cell desth analysis
1 % 107 U7 cells andhuman pémary macophageswere pited in 24 wellplates and Festedwith TNF 30nginl), IDN-6556 (10 uM),
necrostatin-T (Nec-1, 50 pM), birinagant (SM, 250 riM) for USST and Compound A (S0, 2 pM) for human primary macophages.
Creil e s saasured by prop el iodhils incorpormtion using Tlow ylometry [FACS Aftune NxT, BD FACS Aria Il and anahyzad
using Graphgsas Prisr

DNA bedd srng asssy

DA laddening assay was performed as described previously with some changss (K=l =1 a1, 2003). After stimulaton 2 x 10%cels
wiere washed wih PES and lysadin 200 ulof hesis bufier | 1% MP-40# 20mM EDTA, 50 mib Tee-HCL, pHT 5), eantfluged a1 3000 fpm
for'5 mmin and supematants were coliected. 505 {1 W) and Alase AG pg'mil) wene added for 1 h & 56 C and proteinase K25 pgim)
was added for 1 h at 37°C. Alesward, ¥ volime of ammontim acetals (stock 10 M), 2 volurme of e cold sthanol wes added,
fadivwed by incubation oveshight 8l —80FC. Samples were cenlrilugad the nest day (14000 rper) for 40 min at 4°C. Pelss wers
wiashed with 70% efwand and dissotved in 20 ul of waber. Bgual amounts of DNA were loaded for each condilion on a 2% aganose
gel

qPCR
FiMA wias isotmledinam 2 x 10° colls with the Fiaasy Plus Mini i (DU EN) and reversaly ranseried with SupseeS eript 1| v fregen).
cDMAwas amplified wih SYBR Geen on a Bismd C1000 Thenmal Cycler. Primers used ware G012 ({GOOCAGTCAC CTGCTETTAT)
and GAPDH|{GTCTCCTCTEACTTCAAD AG OF). Fold induction com paredlo unirealed confrods was caiculated by the delta-delta CT
rriedinen.

Chromatography and mass &pe cirome iry

Sam ples wes loaded cnls S0-cm colirmns packad in-hewse with G138 1.9 pM RepreSil particies (D Maizch GmbH), with an EASY-
LG 0D sy stem (Thesmo Fisher Scentific) coupled to e M5 10 Exadive HF, Thesmo Fsher Scientfic. Ahanamade columnovwen
mantined oolurmn Bmpemiore 8 60°C. Pepbdes were inlroduced onlolhe oolurmn with bufier A (0.1 % Foamic acid) and shuled with
a 107.3-min gradient of 5 16 25% of buller B (B0% ACN, 0.1 % Famic aci), both at a fow mbe o 300 mlmin.

A data-dependent soquisition [Toph) MS method was usad in which one full scan (300 1o 1650 m/z, § = 8,000 & 200 myx) ata
tamyet of 3 x 10 Gons was first pariormed, faiowed by 15 data-depanden MS/MS scans with higher energy colisionsl dissocabon
[iarget 107 lons, max bon (ll Bme 55 ms, solaion window 1.4 miz, noem afized coliision energy 379, F= 15,000 a1 200 m'z]. Dy namac
exciusion of 208 and apex Trigger (4 10 7 =) was ensbbd.

QUANTIFICATION AND STATISTICAL ANALY SRS

WS raw T wiers porcot st ol By thes M sme Dussind. soflars version 15,038 (Cox s Mann, 2008) and Fagments el wers searched
aganst he human Unipet Relemncs Protecms withou sokoms (fugust 3015 by the Andremeda seareh engine |Co alal, 2011)
with cysiine carbamidamsihyiation as a fked modification and N-earial aceyiaton and melhinine codaions s varibie
med Nications We a1 the Tae discovery rats (FDF) 1o 001 2 he papBie and protein kvals and specified a minirusm langth of 7
aming acids for peplides. EnFyme speciicly was se1 a8 C-lenminal 1 Amginine and Lysine a2 axpacted using Trypain and LyaC
a8 prolesses and sl 8% s ami-ryplic for sermi-ryplic peplide anslysis, and & madmum of o misssed ol vages
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All Bibinformalics analmes wers done with The Perseus softwarne (version 1.5.3.10) (Tyanova st 2, 2078) of e MaxQuant compu-
tational plattonm. Quantified proteine are Titered Tor a1 least 75% of valid vakees among thres o Tour biblogical replicates: in o st
one condbion Missing valies vwese inpulsd and signficantly up-or downseguisted profeine were delenmined by mullipl-= ampls
st (FDR = 005) and Student’s 1 test fiwo-sided), (FOR = 0L05). n represents replicates of the same cal line stimuated separstaly.
Furlher stafefieai datals of exparimants ean be feund i the figus legands.

The 10 snnotafion enddnent ansiys s delects whether expression valies of profeins baonging 1o an enrichmen benm fare we
e keywords, GOCC, GOMF, GOBP and KEGG name) show a sysiematc emichment o de-enrichmen compared 1o the distri-
Bution of all expression vakes | Cox and Mann, 2012)

Swarnm plots were cregled using the softwane Instan Clus (Mol =1 al, 201H.

DATA AND CODE AVAILABILITY

The: MS-hased profeomics data have been deposited Lo the ProteomeXchangs Consorium via the PRIDE pariner repos lory and ane
avallahis vin Proleomed dhangs with identifier [P0D01 4966) | bones = 4l 2008)
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4.5 Project 5: Proteomics reveals distinct mechanisms regulating the release of cytokines

and alarmins during pyroptosis
Injured cells emit danger signals, warning the host of impending cell death. Major intercellular signaling

molecules such as cytokines and alarmins activate neighboring cells and initiate inflammatory responses.
Pyroptosis is the most proinflammatory form of programmed cell death; yet, aside from interleukins (1)1,
1118, and the alarmin Hmgb 1, little is known about the production of proinflammatory proteins during
this process. As pyroptosis needs the activation of inflammasomes via two signals, the composition of the
released pro-inflammatory cocktail of proteins is extremely complex. It includes conventionally and
unconventionally secreted proteins, as well as proteins released passively as a result of cell death. Proteins
depart cells by a variety of pathways, including the plasma membrane's Gasdermin pores, cell lysis, the

ER-Golgi pathway, extracellular vesicles, and receptor shedding.

Using our secretomics workflows, we developed an experimental strategy to address two long-standing
questions: 1) which proteins are released during pyroptosis, and 2) via which cellular exit pathways are
these proteins released. The critical conceptual contribution we make is to combine pharmacological,
biochemical, and genetic methods with mass spectrometry-based secretomics to interrogate distinct
phases of inflammasome activation and protein release, allowing us to deconstruct this complicated

secretory program molecularly.

Our global and temporal resolved research demonstrates that the majority of proteins are released
passively as a result of cell lysis. Specifically, low molecular weight proteins such as ll1b, alarmins,
lysosomal proteases, and mitochondrial proteins are released by Gasdermin pores regardless of cell lysis.
For the first time, we identify the release of several cytokines and alarmins, including members of the Mif,
Aimp1, S100, and Galectin families that have not previously been associated with pyroptosis. Our
investigation surprisingly found a protein exit route that is ER-Golgi reliant, but not extracellular vesicle

dependent.

The project was a group-internal collaboration with Kshiti Phulphagar. The corresponding article was

published in Cell Reports in 2021. | have contributed the shedding analysis.

112



Cel Reports

Proteomics reveals distinct mechanisms regulating
the release of cytokines and alarmins during

pyroptosis

Graphical abstract Authors
Kshiti Phulphagar, Lars L Kihn,
Stefan Ebner, Annika Frauenstein,
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« Inhibition of inflammasome assembly and protein release by
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s Dissection of protein release by gasdermin, organella
damage, and extracellular vesicles
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Pfatenmics reveals distinct mechanisms
regulating the release of cytokines
and alarmins during pyroptosis

Kahitl Fhulphagar,' = Lams |. Kihn," - Stefsn Ebner,” Annika Fravenstein,” Jonathan J. Swistll, © Jan Riechmann,”
and Felix Melsaner: =.4°

Exparimantal Systame Frrmuncbay Lebaminey, Max Planck refiute of Bbchamisry, Marfnsded, Garmany

Tzt of knas krerarity, Departran i of Systerms b oy and Prolecerics, Madical Faculy, University of Born, Boon, Garmany
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Amajor pathway for poinflammat ory protain releasa by macrophages is inflammasome-mediated pyroptotic
call death. As conventional secmetion, unconvwantional secmtion, and call d eath are executed simultanecusly,
howeaver, the cellular mechanisms regulating this complex pamcring program remain incompletely under-
stood. Hera, we devise a quantitative protesmics strategy to define the callular exit raute for sach protain
by pharmacological and genetic dissection of callular checkpoints megulating protein release. We report
the mieasse of hundreds of proteins durng pyroptosis | predominantly due to call lysis. They comprise consti-
tutively expressad and tranecrip tionally induced proteins derivad from the cytoplasm and specific intracel-
lular oganalles. Many low-molecular-waight protains including the cytokine interleukin-1f, alarmins, and
lysosomal-cargo proteins exit cells in the absence of cell lysis. Cytokines and alarmins are released in an
andoplasmic reticulum (ER-Golgl-depandent manner as free proteing mther than by extracellular vesicles.
Our work provides an axparimental fmmework for the dissection of cellular exit pathways and a resource

far pyroptotic protein release.

HNTRODU CTION

Sagrefed profeine such s cylokines, dhamokines, and growth
Bclors have vanoe funcions in the intiation and resoluion o
flammation and the reguistion of affecior calls (Aranos Dugue
and Desontemn:, 201 4 Amajor pathway contibding to proten
secrefion i macrophages ivdves a highly pro-inflammatory
formm of ol death, known as pyroplosi. Pyroplosis plays A cen-
Fral rols in the reguislion of immune responsas. during infecon
and tissaee ijury (Begsbaien et al, 2009 Efficient exsaion
of pyroploss requines e activation of inraceluls signaling
compbeses Ermed inflammascmes and i mguisted tightly in
o sheps.

Inflarrim asofmes ane comprised of actvaled cylosols recep-
ors swch as certain  nucheotide-binding  oligomerization
dormain-iike receplors (NLFs), an adaptor proledn ASC, and a
downsteam eflachyr pioteass known a8 Caspase-1.

For activation, a first signal induces ranscplion and expres-
sinn of some inflarenasome profeine such s fhe MU family pyein
dornzn containing protsind (NURPI), whereas some ofer NLRS
Such as NLAF are expeessed constibutively. in wiltro, this “prim-
g™ sl s cofrrnonly provited by fgaon of innale Ermne fe-
oapiors such & Tol-fke receplor 4 (TLRY) Srough e Gram-
negatve bacterial ool meambrane component Bpopaysacchariie

t

LPS) (B and Dixt, 2016). LPS sisn indures numencus: cyte-
imes: and chemolimes including interleulin 1 beta (L-15), tumor
recresis facikes sipha (THF-a), and C-X-C moll cheamakine hgand
10 (CHNCL0), of which most are direcly misased conventionaily
Errough he endoplasmic reliculun (ER)-Golgls semiory pafiway
faisha and Akis, 2000; Stow o al 2008)

A second signal Figgers inflammasoms as semibly Brough the
acivation of NLRe. Low cylosdiic potacshm level adivae
HLAP3, wherass removal of the N lerminus actvates MLRFH
(htibchedl &1 al, 2013, Swanson &1 al, 2012). NLFRs can then re-
crull the adapier protein ASC and activate pro-inflammalony
cagpases such &5 cagpase] (hat cleaves ils subskates IL-14,
IL-18, and e gasdermin protein family member Gasdermin-D
135 DMD) iMobeslogtaly acfve forra. The N-lerminal Tagmen
of SEDMD forms pores in the plasma membrane {PM) and sven-
wealy causes colllpsis (Ding el ., 2016 Kayagald slal, 2015; Liu
o 0016, GSDMD hesby Bofses he rebass of proteins
tacking & signal peplide sich a8 the cybkines IL-1f and IL-18
and proteins oo siasming” derived bom damagedesluler cogan-
elles sndh as high mobilty group box 1 profein HMGE1, which
sian exhibils paracrine activity (Evavold = &, 2018, Hag
s, DOTE: L kaedi elal, 201 0). A B prolein ox pon pallivay
Ao noft involve sctive protsin Faspod Mirough e secrstony
paifway, # i broadly relerred io 88 “unconventional secrefion™

Call Raporis 34, 108826, Mamh 9, 2021 & 2021 Tha 1
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{Loper-Casteinn and Brasgh, 3011; Mg and Tang, 2018, Mickal
aind Ratcuilie, 2009).

Profeine reeased dudng inflammasome-actvated pyroptosis
therefose comprise convenBionally jeg , THIF-3), and uncanven-
tiomaly fo.g., IL-1F relbased cylokines as well 2 albrmine je.g.
HIGE | and otier proteis beaiing from S cylosnd and damagpsd
inFaceilis cganedies. Unike conventionaly seceeted profeins,
which ean be eompartafonally pradicled baned on the primasy
aming acd saquence o ther signal peplids, uncomentionally
rekased profeins can be identilied with high confidence only
expermentally by ssesment of thel release and the Sotoimpa-
niad accunruiaBion in celulsr spernatants (MNicks and Faboulis,
2005). A= 1L-1-and IL-18-andependent affects of nflammmasonmes-
rmedialed inflamrraiony pograms have been described in diffierant
pafoiogies, the presence of novel immunamedulatary proleing
such 2 slasmins can be hypothesined 1o be reeased durig py-
rophosss Gong et &, 2000 |amme t o al , 200,

In addition o iransiocation thiough G SDMD pores o call lysss,
various ofher experl machanioms have ale boeen imphicaked in
unconvenfional secralion such as secrefion by ySosomes, exia-
cedular vesicles (EVE), artophagosomes, and Phi-derked micm-
vaticks [Andted &1 Al 1000 Baroja-Masn o 8, HNE Brough
&t al, 3017; Dupont & al, 3011; Lopss-Casiedon and Basisgh,
2011, Marlin-Sdrecher of &l 20006 Monbsleons o ai | 201 F Rubas-
tedi =tal 1900 Tapin et & 3 Theng etal, 200 5) Thebdenti-
fication of U predom inant mechanisms of reesss for sach pao-
tein can iherslore enabie the devsloprment of shralages fo
speclicaly interfens with distinc sxpon patiways by abrogating
the release of defined sats of profeines and themiy aliering re-
Epanses o neighibodng cels of the anthe angoanism 10 pyRopkess

Mass speciromelry (MSHbased peolecerics has maured
remarkably over the last yeas and now provides 3 poweriul sat
of Bok o the sysiimatis and unfsipenised axaminations of
cedular prosceatns (Ausbersald and WMann, 2008 Lerances and Ls-
mnd, 2015, Bulbding on our recently deveibped MS-Dased ap-
proaches for the comprehensive analysss of intercaliiar immine
signais, we setoul lodaviss an epenmental sirabegylodeeanine
the inflammadosy program of pyropiotic madrophages in i en-
tiraty and define the exit route for sach protedn (Meissmsr o o,
20r13; FEckmann o al, 2017 Tanes o al, 2000) Our svrabegy
compries genate Inockaul (KD and knookine of inflasmema
same probsng to specfically inhibit or peovide onfy one of e
1w signak requied for full inflamimasam e acfvalion. We phanma-
ekl nledae wih ER-Gag prodein Fanspor o fus sve all
s and asseds he contribulinn of meam beane-anciosed vesiles
and recaptor shedding o pyoplolic proben reesss, with he latier
having implcations in eoopiosis—a disfing form of inflamma-
tory cell death (Cai 21 al., 2015 Tanzer & al, 2020). Themby, we
detrming ke oach profen whalhe ranserplion, caspase adive
tion, actve secrelipn, onganeilsr damags, pore formation, of pas-
shve ol Tysis is requined for s reisase during pyroplosis.

RESULTS

Cunn i athve protesmics sccuraisly debe mines protsn
releass

We actvaied conventional profen secrefion through one signal
{TLRA with L PS5 and unconventions ] ssorelion thaough teo signalk

2 Call Repodts 34, 108826, March 9, 2021

[TLA4 with LPS plus NUFP 3 with ATP o Nigerscn)in murine bone-
rrarrow-derived  and  human-manacyle-derived | macmphapes
(B DME and HMDMs, mapactively) and anslyresd the seorstosy
programs by lbetires, high-rescluion MS in a single-shot liguid
chewraingraphy-landam MS [LC-MSMS) formal by using a
Crsdnpole-Ortitap istument (Foures 1A S1A, and S1B;
Kaktrug efal, 2018; Scheliema ot al., 2074). Fold changes of pro-
i relensen in morss and human macrophages upon TLRY of
TLR4 plus NLAFS aclivalion compared o untreabed contros are
Indficated in Tabile 5 1. We identified on average almost 3,000 pro-
e groups i oeluby supsnaants @ a paplide and profeh Tass
dicovery mis (FDF) of 1% (Fowes 524 and 78], We compared
M5~ 1o antibody-hosed (ELISA) prokin quaniification using
ThiF-z and IL-1f a8 reference probens for comentional and un-
conventional secretion patiways (Fouwss 1B-1G and 526
Both quantficaion mathods showed simils secrabon profies
for e two prolsing (Fligures 1B-10), with an avemge corelion
of 0.7 for THF-z {Figure S26) and 0.95 for - 15 (Fioue 529G As
expeciad, THF-z was secrebed afler TLRA activalion regardiess
o the presance of a second aclivalion signal (Fiyuss 1B and
1EL In confrast, 1L-1P was andy secreted after priming the cells
Sumugh TURY, lelbwed by actvalion of MLAPS (Foures 10 and
1F). W furfher datermined ool death by laciale

LDH) relase (Fows 10) a5 well 28 by he summed MS signai
o all peoteine amedated as ateraic (Flace 1G) and eblaineda
cormiation of 085 batween the two meods (Fioue S26). Our
anaysis shows hal our method acoumiely quaniifiss conven-
Bonal and unconventional peoten Secretion & well as call death

n activaled macThages.

Kinetics of comentional and uncommenticnad protein
release

Te deline pyraplolicaly eknsed pralaing, we asgned prokins
i sther (1) conventionally secreted or (2) unconventioaly
secreled peotsing by compasing Mnelics of seceiomes fram
dferant expedmantal conditions {Fgus 1)

Fisi, we defined comentiomaly secreled prolins by
cormpasng the sacmboms of TLRS-activaled cafls i unstim uisied
cels (Fous 1H)L We identfied 36 significantly relaased profeins,
o which 30 exhbit a signal pepbide and sigral anchor. Among
Tesse profeins am known conventibnally secreted, nflam msiosy
madiaiors inciuding closines je.g., TNF-z and IL-§ and dhema-
Mres{eq , GNCL1Q, confinming resuls of publshed wos () sos-
veet el 201 7). Funelional envvidinen] amlysusng ametations
Froam e LiniProl Keywonds databoss revesled cormemon banms of
comnvenBonally misased inflammalony medislos such as *Cylo
ne," and “Inflammaiony responss” (Figurs 5381

Sacond, we dafined uncorventionally secreted profeins by he
comibined activation of TLRY and NLRP3. Under thess condlions,

orprsing of profehs relassd by GEDMD pores oF due o call
i (Fiyure 1. Thisgroupof proteinscont sined prollypicuncon-
venfionaly secreted profeins such as IL-1R, IL-1a, IL-18, and
HMGEET bud e hurded prodoty pic conventionaly exparted peotens
e THF-z and Cxcfid {Fiaere 1) Envichiment anafysis of uncon-
venfionaly secmied pioleine using UiniPmot Keywonts and Piam
proiein dormaing unveiiad The presence of diverss probein classes
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mwmdmmmmm-ummmmm dmadon o mdeated indused oF ooraitla darmire, o
i d afdeed molaciiar DAMPe) Workliow ooras g of macaopPaoe adiration, coliec@ion ard procaasing of sursemadands., sl Do

o LC-MS/MMS aralyeis, and data

(B0 uardfraton of THF- o B} ard - 18 (0} aocrn on by ELEGA or obd daa by LDHralaass (D) afiar TLR ard MLAPS 2cBvafion Inmouss M ophaoes. Dats

B PeTadrisd a5 maan & 30 of thnas bhoingloal rplicates.

(B3} WIS raw Fters by based quardicaton e TLRE and KIRFS adiyetion n mouss magophagen of THF-= (5 and I8 F) serdion and cel deat (5

et e By ol grmimied WS e i ndsray of o peot dlne anmoiaieed as Moy = dusiar, ™ o "It il iar pae™ by GOCT. Dada o

Mo arined aa e @ S0 o S bicdogical mpiicatea.
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Corvarioraly (T) muisased ortere. H) Cora onaly mdased protein upon TLFS acvaton comgansd i unirsated conmis (Tagertd

¥ Unoewenfionaly misessd prodsirs, upnon TLR4 pius MLRPS compansd 1o TLRA 2 well a3 o oy MLRFS-actwated cdis (hie) Sgnlicand prodans wees

chataermiirala] Wil O EiarmTa o 1w Ralladl 'Wisiei's | 1and (FDR < 006, 3, = 1)

B aig0 Figums 5 1-54 and Tabie 510
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{8 Cylokings. contairing & Sigral peoiidsand sigriicanty mHisassd from calls by comantonal Secmi on Lpon TERH adhalion Wit LPS.
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SoTEon wil i LFE and AP

{0} Selacted apiopiammic profsing, inciading sutonls of S LDH compis.
(0=} Fodd saecmdon o B of cor L L

veariional (E: biue), o EOASIng armotated @S “Cyiopasm.” oyl s mic fart” “Infecellar~

i
o "Inracdilar past™ by GOCC (7 gy wmm o TLRA wilthi LIPS and TLRL pis ATF for NLFP3L

e adan Figaes 51, 52, and 54 and Tals E1.

and stnetsal doemans sch as Cofli-acn de-paymerizabion
facior (Cofiin-ADF) and Lim 1, i1 & Mac-3 [LIM), ADP dhosyta-
tion factor (ARF), and the caspase activation and recrutment
doarmin §CARDY, which = peesand for exampls in caspass-1 and
ASC, two proteing invoived in the formatonof Te NLRP3 inflam-
masome (Fows S18). The shundance of conventionaly sacated
profeins increased gradually over me in res ponse Lo TURS activa-
tion (Figures 2A and 20), whemsas unconventional protsin rsease
increassd sleadly in response enly b5 TLR4 ples NLAPS and
wias deteclahle abeady a1 15 min after achvation with a peak at
4580 min {Fues 26 and 7). We detecled IL-1 reease aary
uon inflarrerasodme ac fvabon 8 15 min, wheress aher pyropioli-
cally reensed cylokine and damage-aseiciated mosculr pat-
tem= [DAMPs) lke IL-18 and HWGE!, mepacively, wih a simiar
sire a8 1L-1 B penked e at 2045 min{Fiows: T8 and 2 Tabile
1.

hiitien of MURPI wih s srai-melacuk aragenist gibar-
e or KO of the downstream effector Caspase-1 abrogated e
unconventional secefon compietely (Figuses 530, S3E, and
SAA-SA0; Swarsen @ al, 2019). Desplle mulipls comparisons,
ihpaesnds of peobeing were identifiad o be relessod with similar
kinetics o IL1 and IL-18, impaiing e discovery of polengal
novel alarming. We therafore sat afd o define proten relasss
pathways by assessng the role of the ER-Golg compartmen,
efraceduly vesices, damaged invacelular organeies, PM
pores, or call lysis during pyroplosis.

4 Call Repodts 34, 108826, March 9, 2021

The ER-Golgi compariment ia required for
inflammaseme formation and uncomentienal protein
el edne
Alfhoigh the role of the FR-Golgl roule comventional secrefion
has been wel descebed, s contibubion o unconventionaly
misnsed cylolines Ssth as IL-1f remans controversial and
ncanplalsly understond (Fubart=li o1 al, 1280 Fhang o al,
2017} We used e Tungal metabolie Brefeldin A (BFA) as wed
a8 Me small moelsculs Golgicide A (GGA), of which balh pravent
peotsin transpon (mm the ER o e Golgi and disrupd e -
son of BR-Golgi secedory pathway {Ciardin and MoDonmick,
1900 Shens ol al, 2005). BFA and GCA perturh ER-Cok ¥al-
fickiing by spacificaly inhibiting S guanine nucBolite sdhange
tacions (GEFS) hal reguitle e formation of secmtory vesicis,
Afwough BFA largets seveml GEFs, nchuding Gagi-specific
BFA resistance Bcior 1 (GBF1), BFA-nhibied GEF 1 [B1G1),
and BIG2, GCA is highly specific loward GEF1 (Sdenz o al,
2009, As expeched, Fealment of LPS-stiruisted BMDMS with
BFA inhibled The sacralion of THF-z and all aber profeins we
defined & comenbonally secreted in & dos e-dapendant ranmes
{Figures 3A and 30). BFA also inhibited NLRPI-medialed release
o -1 and cell death (Flowss 38, 30, and 3E), in keaping with
mports with & simiiar dose depandency | Thang o al,
2017 However, we ako observed & substantial seducion in
IL-1f secralion by BFA Freatmen for inflammasonms Sensors,
helding baclevical nhibfler of apoplosi dodnain repeat
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Sieb 2i80 Fourees 54 and 55 and Tanim 510

contaning peotsn 1 NAIPH ) actvaed with fsByand the bacieral
type Il s=ecrefion sysiem coamponent Prgl and absent in meia-
nama 2 petein (AIM2) activaBon with repetifve synihedic dou-
bbe-standed DMA sequencs of pohddA-oT) (Figus 3F; Bror
vl Diiaddt, 207 6). GOA induced a simitar reduc-tion inlL- 15 sedne-
Bon and ool daath @ BMDM: actvaked for both NLRF1 and
HNLAP3 (Figures 3G and 3HL Notably, we treated cells with
BFA or (GG A afler T first priming sigral, sudgpes ing Lhat inhibi-
Bon ocors A he leve of the inflammasome sensor oF the eecu-
Sonof pyropiosis bt not TLRS. Interestingly, both BFA and GGCA
subetanadly mouced Asc spec fosm alion as wel a5 Caspass-1
activalion (Figusa 31, 3J, snd S54-850). Thus, our data show

#ai ER-Goki pariubaiion wilh BFA and GOA inhibits unconven-
fonal protan releass by Plerlaing wilh mnflammassme fooma-
“‘Lwa’“‘lm | T BT & SR

Laakage of specific c&lulsr orpgan elles during

Py phoadis

We nest st ked whether pyroploss bads bo the reeass of sul-
caliuiar onganeiies and ther contents inio e aximcsihibr anvi-
ronment To assess the leakape of prolens from organehes,
wee nEpectad the subcalluls ongn of ail significanty misased
profeing. We obmerved an enrichment o cytosodic and hsosomal
profeing and, o A Bsser degees, endosodmal, mitodhondial,

Call Faporks 34, 108826, Mamhd, 2021 §
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iyl s oy el eSOl Sdoration algratore adier TLRA ard MLAPS aclailion n mmoose mss oo by
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(B and C) Boopiots ndicaling 1he iod changes of af detected profeins beicnging 10 ndaxied ogandies in T unconyertional (B and ceventional £ -

CFEiOTa.

(D0 Wiias e s, of cadl Iysa e oF euperratants afler TLR4 or TLR4 and MURPS ad valion for R Goigl, and lyscsomal masioers POY Roast, and Cathepsin B,
Fespactoaly; of pro IL-1R I-15p 17 Fragment, and S Fous slesning o f-Acn Immanotioting dats an mormsert o hs of Twe bioogoal mpboaies.

St adan Fgom 2350

nsciear, and PM peoteins (Fiowses JAand 4B). Interestingly, peo-
1eins frm the ERand Gaigi wems notensdchad. in agreament with
our MS analysss, mmuncbioting confimmead e mlaase of e
hurminal ysosomal marker Cathepsin B and the absance of ER
uman markes predan disulics mememse (PO and Golg rmarkas
regeplar binding cancer anfigen expressed on SiSo cels
{ACAST) in pyroplotic supematants (Fouws 4D0). Our anslysis
{herakve spgests Nal pyraploss nduces he resase of pe-
teing from speclic suboallibar beakrafons into fwe axraceliar
emirnment, whemas ofher organsiles am retsined insids he
cel corpes.

Weand ohers have describead the shedding of rosplom dur-
ing progemmmed cell denth by necrepineis (Tamwer o o 2000)
To deternmine whelher pyropioss is a0 acoorysaned by moap-
tor shedding, we asessed whether call surface recepion ane
endched in yrepiolic cel supermalants We delected 62 meap-
tors, of wihich 15 wes signifi cantly released. However, axaming-
tion o the quaniified papBdes revealsd fial both cybpiasmic
and extraceihiar dormans of these recepiors were releasad to
a corparahle soeat (Figue 5581 Thess resuts segiest e
abmance of an acive shedding process invohing protechtic
cleavage of mcephoms, a8 this would be aocompaned by an

& Call Repodts 34, 108826, March 9, 2021

s of e extacediiar domaing of recepiors and mot the cor-
maponding cyloplamic dorain. We (lerdos sumice fal he
prigenee of moaplons and ofer Mo aized prolens n pyrg-
ol supernalans can be asorbed prrariy o (he mimse o PM
Fagments or racro-vesices

W0 st cyto kine s &re Secn bed in & soluble form snd notin
s

EWs have Besn impicated in programmed ol death and alss in
NLAP3-m adiated reaass of boh pro-foom and mates iL-1p and
IL-18 { Ty ot al, 201 5. T detenmine e contrbution of this
protein relbase roule, we endched EVs fram LPS-activaled or
pyrepteds supanalants by wsing difkerorial cenrfusalim
describhed previously (Lobb o a1, 201 5; Table 51). The mejorfty
o cylokines inciuding IL-15 and IL-18 wes not detacied n he
Bv-erviched P00 Faction, indicaling thal Sy are pradodri-
rantly secrated h a non-EV-Dound, sohubls Tomm (Fiores SA-
50). Some cylokines Bie TNF-z and PF4 as well gammins e
HMEE1 wem, howeyver, also presant in the P00 fmcon, sug-
gesting thal they might be released in sokible fonms as wall as
i e bane- s ociabed of EV-indorporated forms (Fious 58).
Az both, bw- and high-alwndan cytokines were aqualy
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delacted in e P00 kaction, our ansless is not bissed tovard
e detecon of hgh-abundsnt cylobimes (Figes 5B We
conciude hat sacrelony processes, in which cytokines and siar-
mine are packaged o vesicks and released i Ssech & meam-
brane-encapeulated form, contibule only minmaly o their
reasme dufing pyropioss.

We siso dbserved an enrichment of prolsins in the calegonies
"Lysoscdme,” “SNARE complex,” and “Calcum/Pl bimding,
which we had sso deteced previously in vesicles relmsed by
oells undengning necroploss —another Torm of lySc cell desth
{Figur= 3x, Tanrer & al, 202{) Bofh memibvane as well a%
liminal e ot ommal protsing wese anfidhed 10 4 comparabls de-
ge=e o the P00 Facton and secrebome (Fous S9FL
Conversaly, cylosolic profeine were lamely depleted in fis fac-
Bon | Fiyures SB-50). Our dala therslone sugges! thal endosoral
and lyacsomal proleins ane released in a vesicular form dusing
pyropiosis . We confiom ed the sheance of IL-10 of e presenmts
of e hsosormal markes LAMP1 and SNARE cormplsd memibern

VAMPE in the P100 fraction by rerunablotiing (Fiows SE).

Uncomentional release of lov-MW, lysosomal, snd
mits chondal proteing protosds by a GS0MD-medisted
but coll-lysis-indepe ndont pativesy

Mutple recent sludies ndicate fal during pyropdosis, low-mo-
lecuiar-weight (MW) proteine incuding IL-1p are mleased
Firough PM GSDMD pores indepandanily of late- siage colllysis

o OeIPmu

Figum 5. ajority of oytoknes ane nebe sed
as fron profene and notn Eve
A and B) ineraity Dased mnking of oyiokna
mmuﬂnmmummnu
MLRFE-aciraiad marine
mmdmmdmﬁmm
misased cylokings by meri
IO |r T 105l akomsioms alar NLAEP1/S
acivalon o F10DEV-amn ool seomioms afer
MLAFS achyalon.
{C) Swarm piots showlrg og? o crangs of po-
iairs magrd o Ta anroidion “Calcium/phos-
Pl incirg,~ “SMARE Compiee,” “Lyscsoma™
ard “"ESCRTN complex”™ prasert in P10DEY frac-
fon of popactc cals companmd Wit TLRS-ac8-
wialad condrois.
00 Prrmeaeco off racacenal masosr Lamn |, L-1Ep7T
fragrnent, ard S SNARE Compine mamine: Vamps
e iy Hher a0 ible or P00 macSon afler NLAFS
acHvaton swdudled by ImmLRoRioSng.
Has e Fgorm 51, 53, amd 55 amd Tande 51,

Sumpl
Hraged |
Smim®
Irt-a
by ]

" (CiPsma ot &, 017 Evaveld s s, 2018
ZEd bengetal 2015, To assess e contiu-
. :

<§ 0 tionol GSMDM poes versus cefl lysis 1o

i :-%E profsin misase, we induced pyropiess in
Inlr.'r.hn-n:}a 1 o® the presamte of ﬂmm L-
: T I alavine orglyeine, which have been shown
-—.h' 52 toblock cefltysis but not the formation o

GEDMD pomes (Fink and Cookaon, 2008;
Lioodris o &, 219 Both | -atsnine And
glycine inhibited cefl hmiz el was
measumed by the releass of e LDH cam-
plax ol appecodmalaly 147 KD Bul nal IL-1B (17 kD) &r any
conventionally secrated cybokine Tke THF-z 26 kD), in keaping
with peewvicers reports (Fious 5D, We lurfer evaksted protein
relaase in GSDMD KO BMDM: o wid-dype (WT) BMDM=
reated with e GSDMD nhiblor recosufionam ide A (NSA)
conliming thal cell lysis as wel asil-1f misase was inhbited,
whemas conventional seaeton of THF-z was not (Figuses S4E
and S4F, Bavold & al, 3018, Halig & al, 2018, Rathkey
Al 2O1R). A the glabal level, e corelation Belwaen all pro-
feins rebeased UNConyenBonally versus the sulbwssl neleased in an
osmoprolEction-independent manne was mediocre 036 {Fig-
res GACBC), wihereas convenBonally verse unoonventionally
releamad profeins showed a negative correlaBon (—0U16, indi-
cating Me independence o Mese two prolein eqot pallways
{Fizues BB and 601
Our protecimics expedments mveal thal ssnslivily 1o osmao-
profection depends on Be MW of a prodein, as the relbass o
low-MW proteins was inhibfied far bess than high-MW proteins
{Figure BD; Tabis 511 Osmoprotecton bamly reduced the
Fedaane of low-MW probeins. suchas IL-1 R, the alarmins Galsefin
3 LGALSI) and HMGBT, of cylosolic proteins such as ghrare-
deoodn 5 (ELRNS), whereas GSDMD KD or inhibiion compistely
Blockied the release of low- as wellas high-MW pretens (Fiores
GE and 6F). Surprisingly, a Gene Oniology ledn cellular corgso-
nent {B0CG) emichment ansysis revesied that prodeins derived
from hsosomes and, 10 & bsser edient, fom mitodwondds
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) ol sacrion o all Lrecoe J oo e e o i mckagesecl e {orangel, and ool - hesis-caged i fgreen) protedn rasase in TLR4 pius MLRFS-ad vatad
EMDSAS I Tab DSancd of Tab Plionised comcantmines of IL-Adanira oF G idrs.

) Cormiafon of 1l dfamacs uead o dedrs e cornano ., o inerlioral camoprotecdon, o call Beds-ind anerecerd ared -t Sratns.
Corrrartionad signatem, | P wsis onslmunded, nooreniond doratem, | leal dferancss LIPS 4 M s LPS: and oamopnoiid iondosl [y indepardart .,
LPE 2 M + 30 m L-aandnlT0 mibl Qiycired varscs LPS.

{5 W dhiagram of proasins. misaand Corvenonaly, Loonand onaly, Snd cemonroaec ion indersndend y or pas ol y by ol death.
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contiwte o e camoprolecon-independant protehn mismss
(Figwres 53 and 6H) Furlher analyses revealed thal only lyso-
sorral e bl ol membrane prodedns ae relassed indapen-
dand of their MW, presumably as vesicular cango (Figurss 6l
and 6.J). In contrasl, we deleckd both mlnchondrisl matrk
anvd il hoduiieal rrern brane profeins, witich ane Senaithe Do o -
moprofecion depending on their MW, anguing against a signifi-
can] contriwtion of misased mitochondial vasicles under theos
condifions (Figus GJ). We herefore conclage fial a GSDMD-
dependent, cel-hsk-independen! palhway RBcitses the
releame ol many conslidively aprested small MW proleins
derived bom e ooplssm and ofer cellulir rganeliss for
which extracedubsr fnclions have not been descrilved yet

The magaiity of pyroptot cally missssd slsrmins do not
e guin induction

As the tvwo-slepacthalion oomprisng peming and NLR adilatinn
execules aconvoliied secminry DRogram, we cansidened exper-
Al &y, i wiidh & Shgle Figoer & sulficen for nflar -
masame aclivalion. Caspase 111 doubl knmockout ([DHD)
B DS reconstituted with Caspase-1 Tused 10 e FR506 bind-
g profen (FKBP) dimedraton doman (Casp] ACad FRKBP)
pevvedes an slegant sohdion, as Caspase] can be dimeried
and activaled by APATIET, leading to pyaptosis (MacCoke
o, 1595E; R et ul, 2010, Motably, actvaton of Caspase-1
i independent of priming and thereby enables e dssection o
peoteing releamed with and without péring. As expected, IL-1p
& reBased only upon peming and AP0 8T featment, whensas
comventional seceton, for exampl of THF-z, requires priming
bad s unaffected by APDOTET (Fouwes TA and TH. Call dasih,
however, s execubad only upon addion of AP2018T, indapsen-
dent of prirming (Figure TC)L This experimental sstup therslore en-
ahlas the disfinction of b dasess of proteans — oonsifuthe and
inhuced damage-associted molecuar patiems jo- or DAMPE)
{ratim ets, 201 7). The reeass of the majorly of unconvenBonaily
relsased prabeins otours respaciive of priming (Fiowee TD). The
dasmin HWGE1 & one sudh profein and can thesslore be dlassi-
fiadas a WM P. O proleamic ivesligations mves hal pwop-
ot coll death sorves a5 an eft routs Siso for other cDAMPs,
sl & macaphags migration inhibiory tctor {MIF), mimincacyl
THMA Synhalase Compls: ineracling Mulunetibnal Profein 1
(AP, geectine, and S100 families (Figus T0; Tatle 51 We
confimmead e rasnse of MIF and AP by BLISA and imimund-
Bl anals s {Fouses 70 and THL As mast cDAMPE, sudh a5 MIF
or LEALS 1, 3, and 9, have a low MW, ihey ans resased indagen-
denfly of call heis, whemas offes, sch a8 AIMP1 of nicogn-
i (MAMPT], are peedominaniby

¢? CelPress

CHEN ACLESS.

e et of frajr profein cleses am shown i Foes T1and Tabe
51

In confrast, Il -1 = released ondy during by soptosss after prim-
ng and hersore = a pamadigm DAMP (Foue 7E). IL-18 shares
eoime featires of both dassas, and oven (hough peiming boosts
s expression and raense, A Srolier amount s cons Butively -

IL-1R i unigue i its reguistion and relesss Knetics, & A &
anong e top 5 most highly induced profeins upon péming
v theredy difers Fom st other pyroplobically released pro-
eine (Figre STAL The majoily of strongly induced protsins
include conventionally releasad cyiokines that domot neduine py -
ropioes for redeas e (Figurs STHB). Ondy ahandiul of ofer profens
not assocised with extraceiiar Lnctions, such a8 NLAP3, a
few it protein tamily membes, and Oasl and Ghyp tamily pro-
Bins, moquie pramng for thelr inducBon and release by
pyropioss.

Ascording o our glatal ansiysie the cytokines IL-1pandlL- 18
are unigue in benms of ther reguiaion in mutiples steps, sich as
priming, potedhytic activation, MW, and PM-pos-mediaied
redede We i not deltedt any other peoleins reduifing 8 Cora-
raible cofmpies regulation for ressase This undarsconss the fight
reguiation of IL-1 fandil- 18 activity, as they requine hours toun-
ol tHhedr poweriul infllammatony polental on nedghboding calis or
e whode organiam. in contrast, a low MW and PM pore fonma-
Bon am sfficent for fhe rdease of most siasming, which can be
quickly mimsed info the exiracelulsr space amd activale negh-
haoring cails in a matter of minutes.

NSCUSEI0N

Activated racrophages ooninol Fremune reapons e by rdessing
profeing, suwdh as pe-ndlammatony cyiokines and sanmins. Var-
istions in the sacrelory composfion results n vastly diferent
physoiogical respaises of neghiboring ceds and the whole or-
ganiam (Arango Dugue and Descolesm, 2014, We devebped
2 generic andunbiss of secmiomics srakgy hased on phanma-
eniogical, genetic, and biochemical dissectionof celliar protein
release pathways. We appied I o analyre comples proinflam-
malery programe n macrophages upon acivalion o the
foliowing two maje pafimays of proin releass: TURA actvalion
and inflammassme-madisted pyroptose cel death.

I addion i known cytokines and alarming, we obosreed the
unconvenBonal reesse of thousands of poteins with divense
inraceluisr functione and kecalration dusng pyropiotic cell
death. Our analytical kamework laciitaies e dsoovery of pro-

phosphorbosyfiransferass
releasad due to cel sis The celulsr mechanisms reguistiing  ins  rekassd  fom  sub-cslidar organeles, Fchding

10 garse i TaarOer Sl T Eadysis of -1 yi0 - Moo LInoni ertional neiass. Frote e SIgn iean ol eased Lpon NURF S oo vl on n Tl pres
ofosmopaoiscton (FS + M + 30 mbd L-afaninaf 20 mil glycing s LPS) ware defined o b cuilysisindenend e Sgrilcant protsd newes determinad wita
it - ila Waici's | et (FDR < 005, S, = 1) Erdchimant botom wem cdeuiated by Rsrats st el & dsacdined pravicasly (annotafons wit
rismaction sizes of +15 and p = (LOCE am shown). Caisgony abes ans mormsried by balinon size.

{H) Bucorpiofn indliceirg T bold cdharges of af daiecisd profairs Beicnging | o lndicated cmanels In S Uncorendonsl §e sionmss In S preasncs of gicre.
{3 Efiact of cmopmiect on on mil edhondrial avd iecsoma proeins of difiernt MWs. Broqion ndioaing S aorent of inbiSon Dy 08 mopn acion &0 -
coneenionaly rdedssed Ml odhondrial sred 1YECacmal Pmasng. binned orording i Indesing MW

() SvameTn ot 8 Fyowineg |00 oid changs of Droising. ascigred o T dcated aneotafon Missasd g CAMOnmSCcacn of pyrointic ceds companed wit
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infracedular protens with moonghiing o unspectsd exracel-
ldar funcons (Hemandar o &, 2014; Jeflary, 1553) Conven-
Sonal and uncomnveniional sedrelnry PROOERITS  ADPSRT
conserved Across Species based on the observed high correia-
Bon of mouse and human macrophage secretomeas (Fiows SF)

We rapor ihed ER-G ol disruption wilth BFA and GO A inhibils
uncomnventional prolein releas e and pyropiosis by intedering with
il e am e formation. Owr dats suggest hatthis effed = not
only spediic b NLAP3 asrepacedby “hang = al, @01 7)but atss
infdepentdent of the nflammasome sensor involed, although cell
e A duralion of BFA treatrment affects collular plvenoly et
Fer examyse, |L-1f miease was mponed i be indapandant Fom
e ER-Golgi compantment in LPS-treated human monootes
{Fubsarisdli &t 2l 1500) Mareover, iong-leam ER siress by BFA
presumably actvates the urcomentinal release o IL1R
whersss acile FR stress inhibits it (Broneer o &, 2015 Menu
= al, 3

We show that EVs do not significantly confribute o cylokine
and alermmin rdesse dufing macrophage pymoptosis. | i e
emfng b speculse Bl incoporded of assocated profeing
might signal over longer durations and distances oF upon infra-
caliuiar relaas s by mambrans fusion with redpient cela.

We identified the presence of a large rumber of lysossaral

Eecied in the extraceluls environmment during varkous biciogacal
precesses, nduding necroposis and exaneive TLR4 actvaton
Meissnaretal , 21 3; Moharmed and Sioanse NHME Tanse o &
2020}, Lysoscmal exocyiosis has been described as 3 mem-
brane rep a mechan e Fipgeredby cakuem miho (0= b o
& al, 2011 Tare e sial, 2020 However, i nemains unsesnived
oy hysosomal conlent & released upon TLRS actvation inthe
dmence o pore lormation, PM damags, o call deal and
wiather this wvolves caicium fluxes The presence o ysosoral
probesses in the exdracelds environmeant has been shown 1o
play arode in tesue ragenerafion or mor metastasis by remod-
ding the exracediular matex [ECM) (Moharmed and Sieane, 2008
D and Joyes, 2015), and further shoffies s hoadd avaknbe how
hese processes are affected by diffenant foams of coll death.
Osmoprotedtion with e amino acds L-alanine and ghycine
s baan dascriberd 1o dalay pymptete cel lysisbut ned GEDMD
pose formation i e PV Unde thess condifions, proden
release fakes places Mrough GSDMD porss only. Our data
show thal alough cel haie Beilldes he unsonventional
refegms o the majpily of proleins, e rdesse of 3 subss o

o OeIPmu

HEN ACLESS

low-MW proteins, namsly, cylokinesDAMPs nchuing IL-1f,
oocues independently of cell death by a GSDMD-dependan
peathway, Eondinm g peevious repoets (B mold & sl 3006 Hellig
o gl, 201 B). Some bw-MW profeins, however, are eiained in
e cel due to camoprotecSon. Ths rmay be axplaned by heir
physsniogical asseimibly v higher order stasctnes o largs pro-
N Com plees.

We show hal heosoms cargn and some mibochomdoial
profeine ane misssad independantty of cell ysis The camopno-
ecton-independent eximcsiiuir presence of s osomal umen
provdeins with diverss MWs saggests snnvelement of 8 vesitu-
i mleate roule. In contmst, e osmoprotecion-sensiive
reieane of both mitochondrial matrk amd mambrane protens
singpiests thal m i hondrisl prodeins snfer e cylosod dus o or-
ganelar damage upon inflammaseme activation, followed by
hedr el slong with cyipenlic proleine by gasdenTin poms. I
willbe nteresting io shecidates e role of vesiculs potein miease
from different caliular comparments during later stages of ceil
Tysim, after pore formation.

PM repak mechanisrs activated by mambane damage may
further fine-tune paracrine progaims by Bvodng the releass o
hyansodrial cango and smal MW proteins during sub- e inflam-
rrasodme activation (Fub ot al, 201H.

Different fonme of cel death use distinet machanismes (o contol
thel poracrine progeams. Pyroplosis is wragues in s el reless s of

CDAMPs and siow release of peo-inflammatesy cylolines IL- 16
md IL-18. The ssanlion of nedopibsis, in confast i sbwer

Whether dis Bt sads of profeing sl calls frough GSDMD v e
e edropintic tarmnsl effecior-mioed ineags Mnase domsn-
ke {MLUKL Hmediated PM pedudbation mermins 1o be determined
{Petne o al, X772 Tanzeralal, 2000), Fuhermons, the call type:
spacificity of prolein el mechanisms and accompanying para-
N PrOGRIITES Sre e citing topics for hulure inves Sgadions.

In conclusion, we have devised an MS-based expadmental
srategy o define e il roules for sach celuls protein. We
damonetrated the ulity of our appraach by idanilying rulliple
danring wilh known exiraceihuly signaling capabilifes b be
redeamned via cell-ysis-gependent and -hdependen palways
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Further informason and reques!s fior resturces shauld be directed bo and will be fulfiied by the Lead Contact, Fedix Meissner
{meissner i mpg. de).

Miaterials avaibb Aty
This stuty e mol generake few unigue malerabs and regents

Data and cods svalabdity
The datasels ganerabed in this study are avaiabile via ProtecmeXchangs with identifier PXD018653.

ENPERIMENTAL MODEL AND SUBJECT DETAILS

Expariments describad in this study ane padonmed with the mouse and human primary macmphages o immortaliized mouse
macrophages.

CSTHLG.) wild-type mice (W) and 12954/ 5] a8 mice (WT) were obtained from The Jackson Lahoratony. Caspase-1/11 doubls
Inccnal e i0asg1 /1 DD, stvah BE.12082-Caspyd ™ == Cg e 1790 were Kindly providad by BASF. This sirain was orginally
generaled as Caspl deficient mice but ks effectively Caspl /1 double deficient dus o an addilimal mutation in the Caspl1 gene
locus in the 12952 background uwsed for ES cell genemtion (Kayagesl o &, 2011). Both mose sirsing were howsed undsr spe-
afic-pathegen- e SPF) condlions on a 12-hoir ightitank oycs in the animal e Fly o e Mas Planck st s for | nfaction Bology
OR Biochamity. 10-12 wesk old mae mice were sacrificed by cervical dislocaBon and directly used Tor bone mamrow-derived
rracrophags preparation. Animal sxpedments were perionmed according 1o The Genman Animal Protection Law.

Human primary macrophages were gonerated by solling PEMCs from bufly cosls (ganerated from blood domations o the Red
Croas or Bhulspendadiens] des Bayeds dven Foten Kreuzes gamanniizige GmbH) using Histopampes- 1077 (Sigma-Aliich, 10771).
Gander orageof danors i not discised by the Red Cross. Manocyles werns iolsed 1eing am mocyls isolation ki (Mitenyi Bicdee,
130-091 -153). Inmortafired GEDMD KO and Caspl /11 DHO iBMDMs recons Biuled with Casp] ACard-FKEP were 2 kind gilt fom
Pef Broz (Boschers of &, 2018; Hailig ot &, 2018

METHOD DETAILS

Eolston and cultuie of midne bone marmow- derhied macrophig e
Baone imarmow-derived macophages (BMOMS) were prepared & described elsswhers |Wescheniid] and Porss, 2008, In biel,
hone ramos was coliecied fom the femurs and i of 812 weeks obf mess miceand fiterad through & 70 pm nylon mesh ke
5 x 10%ie 1 x 107 bone marow celia were phied on stedle non-Essus cuftuse irealed Palri plates jor a padod of 7 days in macro-
phage differentiation medium DMEM supplemented with 10% fv/v) FCS and 20% fv/v) M-C SF-containing m edium. Medium was re-
plenished on day 3 of aslture. M-C SF-conditioned madium was collacied Fom L- 220 cels. Calls were ifbed from plales by incubating
i codd PES and re-plaled for axpariments.

nmortair ed Caspl A1 DKD BMDMs reconstiuled with Gasp1 AGard-FKBEP were cullured inmacmphage differentisdion madium
supplaresiod wilh 10ug'mil Pusdyan.

G v i i1 o0 F hitimam mon oty e-d erve d mascroph ages

Bivod was drawn with S-Monovelts Gl K2E-Gal (1021333001, Samied] from healthy volnleers accoeding 1o fhe WA Declara-
Bon of Hedsinkd and the Department of Haath and Human Senices Belmont Report. Donoes provided informed consent and sl
sAmpes were collecied with appeoval from e eiiics cormemites. Blood was dilted 17 with PES and centrifiped over Hislopa-
aque-1077 {I10T71, Segema) at 400 g for 40 min Aler cenfilugation, the padphessl blood mononuclear call [PEBMC) fmcion was
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colerid and washed ires imes wih PES folowed by centriugation a1 300 gior 15 min 1o remove pltset . Fed Blood cols were
Ty et with RBC hysis bufler (Sigrma) for 3 min. PEMCs were washed again wifh PES supplemented with 0.5% jw.'v) bovine s enum ai-
Bausriin (BSA) and 2mild EDTA. Monocyies wers dated by negative sslection using the human Monocyts lsststion Kit Il i4 30-091-
153, Miltenyi Bistee) according o the manufactures's inseSons, For (e generalion of masophages, 2 x 107 isolsled monocyles
were pimed an sledle, nor-lisse cullire Feated Pelri plsles for 2 poriod of 7 days it FAPMI 1640 sup plmented with 10% i) FCS,
and S0ng/irmi human M-CSF (I890910, Cell Signafing). Medium was mbeshed on day 3 of cuture_ Onday 7, celis were Hisd from
plates by noukbatng n cod PES and m-plated lor spariments,

Activation of BMDMe and human macrop hisges

Al cefls wem grown, maintained and activated at 37°C and 5% GOy in a water-jacketed incubator. 1 x 10°F WT or Caspl/ 11 DKO
FriLFne mackphages were plated par 12-wal in DMEBEM, 10% (wh) FCS (DMEM complete madiam) ane day prios 1o stimulalion.
All BMDMs ware primed with 200 ng'mil. LPS from Salmoneta Typhimuriom for2 h or e unireated and subsaquently washed thee
times with seaum- and phenod red- free DMEM $upplamented with 2 ml L-gletamine [DMEM minmsl madm). For the lime courss
expariment [Datased 1), calls weare praincubaied with 0 or 100 pM ghyburide (INBP2-30141, Novus Biodogicak) far 15-30min bedore
2 mi ATP (7699, Sigma) or 10 uM nigericn [N1495, invitogen) wese added for15, 30, 45, and B0min. Lethal fctor and prolective
anfipen wene addad a11ugmil To inhibl conventional proledn secrefion [Dataset 3), 0-2 pg'ml brefeidin A wes added forthe a8l 15
30 minof priming. Afer washing 0-2ugémi BFA songwith 5 m ATP or 15 uM nigericin wes added for 30-45 min. For osmopralec-
tion expariments (Dataset 2), cells werne inoubabed wilh 20-30mM L-alanine or Gy cine in DM EM minirdal medium or 1 haler priming
amnd washing, befors 5 mM ATF or 15 pM nigericin wems added for 30-45 min. AP20187 was added a1 100nM for 1 60min.

Human macmphages (Datassls 5§ and 6) were seaded & & density of 1 % 10% calis par 12-wed in RPMI 1640 containing 10% W)
FCS, 2 mM Lglutamine, MEM NEAA, 100 LimL paniciiin, 100 pg'ml srepiomycn (APM complete medium) one day bafons act-
walion Cells were primed with 200 ng/mmil LPS far 2 hin complste mefium. 1 pg/mil Brefeldin A was added for e tast 30 min of
priming before calis ware washed theees limes with serum- and phanol red-fes RPMI 1640 supplamented with 2 mM HEPES and
2 mM L-ghiamine [RPMI minmal medum). Aler washing, cefls wene incubaied with 1 pg'ml Drefeldin A and 2 mM ATP or
10 M nigedein for 30-45 min

Al acBvalion experimeants were parfonmed in three echnical replicates. Call supematants were ceniluged al 200 g for 5 min of
steril fillered to ramove coll debis and directly tsed for LDH assay or stosed a1 —80°C until ELISA and sample praparation. After
remaoval of supenatants, unireated and LPS treated samples wems weed for he generalion of total ol yssles [Datasels 4 and 6).

Goii eration af coll lysates
To generae tolal lysales for mass spechomety, cells were washed with PES and resispended in 8 M usa in 40 mbi HEPES pHE
and fmren al —80F G untl samp e preparaton.

Caspass 1 schvity and cytotoxicity (LDH) asssys
Caspase1 aciivity was measuredwsing e Caspes e Siof 1 Inflammasom e Assayas per the manutaclurer's insticbons. Call deadh
wias measred by means of helals davwdrogenass [LDH) relese info e call supermatant weing he CyloTox 96 Non-Radicactive
Cyotoxicly Assay ([BG1780, Promegs). In bried, 50 ul ¢l supsmatant were incubated with 50l LDH subsrate and incubated
in e darkal 37 C for 15 1o 30 min. The enrymatic resefion was siepped Byadding 50 ul stop sohbon. Whole esl lysales ganersled
Trioam unstimasiated cafls incubated with madum supplameanied with 1.2% jw) Trilon X-100 for 30 min sasved a5 a rderence for
maximal cell death Cell denth was cakbulbled as follows: [LDH misase/LIDH whole cell lysate) x 100.

Enzymedinke d immuncsorbent assay ELISA)
Human and mouse IL-1f, THF-z and MIF in cafl supematants wers measured with ELISA Kits purchased fom A and D Systems
{80201, BDY AL, BDYZ10, B0V 0, SDY 1978 accoding 1o Foe manadacived s hetnetions

Woastem hiot
Tam ples woars prepared by lysing cells inlysis bufler {19 Teflon X-100, 50m M Tés-Hel pH 7.5, 1500l NaCl Nusleiwers removed by
centrilugation {10 min, 1000 x g). Proteins fom cell supematants were precipiated with acetons flinal concentration B0%) o/n at
—20C. Proten peilats dbtained after centsifugaBion al 3900 x g were solubiived in2H S06, 50mM Trie-HC pH 7.5 Protein concen-
traion was nonmalkeed after measurament with abicinchoninic acid assay (BOA; Thermo Fisher Sciantllic). Sampls wems reduced
anddenatussd by adding NuPAGE LDS Sampie Buffer (4 % ) and NuPAGE Sampie Reducing Agent (10 x | {bath from Therma Fished
and haating & B5 °C for 10 min_ Prolsing wes separsed by A%—12% SOSPAGE i pecasl gas Noves: Invilragen) with MOPS
bufer (Moves Invitogen) Praeins were transferred onto immoblonFL PVDF membanss (Milipors) and nonspecific binding
was blocked with 5% non-fal milk in Tris-buffered zafine with 0.1% Tween-20 (TEST) for 1 h, folowed by overnighl incubadion
with specific primasy antibodies in 5 BSA in TBST a8 per the manstclire’s instaucfions.

The: folowing primary anibodies were usaed: PDI{171000, CST #3501), Rcas1 (121000, GST #2290, Cb (11000, CST 831 718),
B-Actin {11000, GST #8457), IL-15 (R and D systems, 00Y40 ELISA deection anibody 1:50), Aimp (NEP2-272065%5), Gapdh
{1:1000, CST #8884=), Vampd (1100, CST #H3060), Lamp {1100, CST $3243). Membeanes were washed 3X and incubated in
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CHEN ACLESS.

HRP linked anti mouss {Cyliva SNNASE 1) of rabbit kG anBibodies (Cytiva BNAS3) in 5% BSA in TES-T for 1 h & roam Bmpersiure
{RT) fobowed by washing 3 in TBS-T

Immuncsiaining and fucrescsnt microsco py

BMDMs were fed with 4% formaidehyde and stained for ASC (MEipore 261-7, Thermo Fsher Fi T0-AFGAT) s par e mante-
frer's instrecions. Muchs were camirstsined using Drags. Miroseopy was performed in e MPIB imaging fcily. Cell were
naged using a GE Deftavision Biile (Cytva Lik Sciondes) epifllns cenoe micoscope. Images were gquantlied as descrbed previ-
Bl using braged (Shols ot 5, 3013).

P00 fracto nExtracelul sr weicles Bolation

BT hone MArDW Mmairophage:s wers reated for fires hours with LPS foliowed by 45min wih Migericin or sthanol 2 control. Super-
natants wers collacied and spun for 5 minctes 81 500 x g. folowed by awother spin 30 rminctes a1 10,000 x g Supematants wens
concentrated B uking 306D cellioss fifers andihe rdentaes wens coBected and spun for 60 minutes o 100,000 x g 1o obtsin dra-
caliuiar vesichs P100 faction The palisls wers wiashed with ice coll PES and agsin centiffuged for 60 minutes at 100,000 x g. The
reslting pellet was y=ed in 8M Urea with 50 miM Tris pH3), reduced with 10mM DTT, akyisted with 40mM CAAand digested for2
hours weth G {1 pgvsample) before 134 dilution with 50 mM ammonium bicarbonate and the addibon of trypsin {1 uo/sampe).
Teypsin and =l digesion ocaurmed over night &l AT and peptides were cleaned up by C18 stage lipping.

Sample preparaton for mass apectrme ity

Tolal hysates were dilited 1o & final wea contentralion of 2 M and sonicated on ice kor 15 min feve 5, Bionuptor, Diagenods). Gl
supsnatants (400 ul each) were denatured with 2 M urea in 10 mM HEPES pH 8. Proteins of both sampie types wers sduced
with 10 miM dithistrertal for 30 min at AT iodosad by alkytation with 55 mb iodoacatam e for 20 min & AT i the dark. Remaining
o oneetamite was gquenched with 100 miM thicures . Profsinswens digested with 1 pg LysC{H 2900541, Wako Clvermicals) of AT for
30 and 1 g trypsin (ITESET, Sigma) alAT ovenmight. Protsin digesion was stopped wih 6% ) iriflucsacetic acd and 2% )
aceloniile before paplidas wes loadedonio reyersedphase C18 StageTips (1225, 3™ Empore™ , WA Analyseniechnk). Supar-
ratants and 50 pg of totally sales wem kadedontoihe C18 StageTips. Paplices were desalied using 0.5% {wiv) acetic acid and sub-
sequently shrted o the C18 StageTips with S0 uL 809 fwh) acsiondvile in 0.5% i) acelic acd. After concentratng anddrangina
SpeadVac (Thermo Scientific], pepbdes wers msuspanded in 10 pL 2% |w) acetoniie, U1 % V) Fifluoroacstic acid in 0.5% i)
acebc acd and stored & —20°C wildl mass spaciromelnic analysis.

LC-M3/M3

Pephide mixtues wereansyzed ina single-run Bguid ciromatography mass spectom alry [LG-MS/MS) formal (Magsa)of & 2013,
Each paplade minture was leaded onls 2 C18revamed phase cohamn |20 em kang for suparmatants mnd 50 em long for ol lysates,
75 i inner diameter) and separsted with anon-lnesr gradient of 2 - G0 bulier B{80% (wv) acetonitie in 0.1 % fvAv) formic acid) sla
Now rate of 250 nLfmin over 107 min for supernatants and 180 min for lotal s ales weing a nanoflow UHPLS instrument {Easy-nl G
1200, Thesmo Sdentific]. Chromaltgraphy coumns [ITSP07T5375, Composfie Metal Sesvice Lid) were packed al the MP1 o
Biochamistry with ReproSi-Pur 120 C18-A0 1.9um mesin (irl19.ag., Dr. Maisch GrmibH) in mefanol, Clromalography and coumn
even [SommBon GmbH) Emperdure were confrallad and monitoeed in real-tim e with Speay OC (Sohellema and Mare, 2017). Calusrn
oven iemepralure wasse b AFC for supernatants and 55°C for lotal iysates . Seperated peplides were ansiyzed on a benchtop
quadnupde-Obitrap hetrument (0 Exactive HFHFx mass specirometer, Themo Scenlic) wilh a nanosiectrospray Dn source
Tharmo Saenific), which was coupled on-fine o the lquid chremalography insrumen.

The mass speciometsr was operated in & dala dependent mode with & susvey scan mnge of 3001650 mi'z and a maohtion o
60,000 a mi/ 200. Up 1o the 10 most sbundant precursor ions with charge shies 2 to 5 were isoldled for higher-enengy colisionsal
diesnneEntiod {HCD]) with Thormsod (TH Soltinn windows of 1.4 mi forsecsdom o and 1_Bimd ko todal peofeamas. Nosmaitred ooliesian
energies (NCE] for HOD weare 26 {protemes) and 27 (secrelonmess |, mapectiely. Frapmentatin spectrawens acquined with areschdinng
of 15,000 & m'z 200. Dynamic excusion duration of sequanced peplides was sel 1o 20 s |secrabomes) or 30 & jproleam ) to reduce
repeated peplide seqpendcng Masxirum on fection times wers 20 ms for e full MS scan and 80 ms secwedinmes) o 55 ms {pro-
Eomes) for he MSMS scan. Automatic gain control (AGT, jon Langel valies) was sal to 346 for e survey and 185 ko the MSMS
scan. MSdat weare sequired as deseribed previously using e Neallar softwars [Therme Seientfic) | e s res o ol 2000)

CAANTIFICATION AND STATISTICAL ANALYSES

LC-ME/ M5 dota snadysis

Protein denification and quantfication from MS raw files was perfonmed separaiely lor fe murine and human dalasets using
e computationa profeodrics plafionm MaxOuan (softvwane version 1.5.5.2 of 162 1) (Sox and Mann, 2005, Musine and human
MSAMS specinawere seamhed against the respective UniProt FASTA databeses and a common contaminan database by the im-
phernenied Andromeda search emgine (Dox o al, 201 1), Secrelomes and profeomes of 8 murine and 8 human dalases, respec-
Fualy, wee snalred logether. To avord matching betwean diferant sample types, s ecrslomes werne 58l to Faction 1 and pasimeier
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group0 and otal heates i Factkon 3 and parsmeter group 1. The wsed diges Son mode was Trypsin/P with a minimsn pepss lengih
of 7 amino acds and & madimum of two missed cleavages. Cyseine cahamidometylaion was 2ot as fixed and methionine
o idalion and N-tesminal acetyis fion as varkabde modll catinns. Faise discowveny sbes (FDR) were 1% at the peplide and protein bevel.
Peptide identiication was performed with an allvwed initial precursor mass devialionup 1o 4.5 ppm and an alowed fragment mass:
daviaton of 20 ppen. Protan identifications requined ane umigue o &Xor pepide. For noniinesr relention lime alignmeant of ail sam-
ples, e “Match betweean runs™ option o MaxOuant was ussd The fime windows jor malching peplide idenBlicatons aoross
different samples amd to search for e best aignment funcBon were set 1o 0.7 min amd 210 min. For Bbel free quantficaton (LFCQ)
wia MaxLFO, a minimum 2o count of 1 was used and Fast LFD enabled with a mimmum of 3 and an average of 6 nesghibors
(Cocetul, 2014

Data pre parabion, gus Bty comtrol, sl copy number estmaion

Data was sy ed with the Pers sus computalional plafioam jvansion 1 5.5.5) and the statstical softwarne snvinonm ent Rand R Studie,
respactively (Tyanous o 8 2016, The integraled graphics Gece or e packages “goplot?™ inA Siebo wees used Lo vissaine data
Profeins matching o the revesod or contaminants datahese s wel as pepbdes only identified by ssds modification wene scinded
froam e analysis. Data were additionally fitered to contain atleas| two vasid valies perproten identification in a lsast one group of
repicates. The numbsr of dentfied prolein groups per Conoiftian and the Peasman comelation betwesn Bohnical rephicaies wars
daterrrined and ibsagquently missing values wers replaced. Missing vales wene mpuied s eparahaly for sedrefomes and probeodrss
by a Gauesian distribubon with a 30% width rdative lothe standard deviationof the measured vahees and adownshifl of the meaan by
1.8 sandard deviatons of he vakd daia To assess the scouracy of he o speciramelry approsch, MS raw inlensfies and LFO
v wers comelated (Peaarson) bo ELISA valees for THF-z and IL-1} wsing pairsss complste ohesrvabions. Byanaogy, the Pearson
cormistion of LDH relenss and fe summed MS raw or LFQ intensiies of all proteins amotated as “cylopasm, ™ “cylophsmie par,”
“iriraceliulr,” o “nracelubar par” {olosokt profens) by the Gene Ondalogy (50 eam caliular componant {3000 was caloutated
Of novte, the Rbel-Fes guantficabon technoiogy MaxLFO that in sdditon o peplos intensily fonmation nvaves vasows nonmal-
raticn steps of e LC MSMS rung Lo makes peotsn amounts betwesn diffessnt samples more companabie showed overal a
much wanker comadaion o e allsmative janfihody and ene yme-bes od) quantification methods [Figuss S9G-50.0). Omne resson be-
g 1 thee assumed reguinamants Tor Maxl PO caluiaion, e.g., Tl proleihn compositions oo not Show majr dflearences aoross
different sampiss, am not ufifed b o datasels Henos, prolei amounts wers detenmined by lEbal-Fee quantification wing he
summed raw nensbes of the M31 signal of each ehding peptide for all ether analyses

Biolnformatics analyais of proten se cretien sign stures sl receptor ahedding

Ta investigate differances in conventional and uncomventional prolein secretion from acvaled macrophages on a glab al scale we
pairwise compand secratomes of diferentialy trented macrophages by cakulaling the rasios of hdividual potein shundances. A
paramane wo-taked welch's | lest with & pedrulation based fales dissovery rals [FDR) of 5% and a 5, pamimeter of 1 was
employed io idenily proleins that significantly differad in abundancs (Tisbes of ol 2001). Secretory sgnatmes were nctionaly
characterired by amotation enricdument analysis using annotations from the UniProt Keywonds and Pfam peotein domain databases
{Fnn o 5l 3076 Bnridhiment faciors wees calcuiated with Fisher's exact st All snnotafions with inbems ecion sires granter than 3
and p values less than (LIRS were considernsd,

T analyre pyropiosss dependant peceplor shedding, profeins were prafifiered by Unipeot Keywornds *Feceplos * and feir come-
sponding pephdes were annatated “exracelua” and “intmosihiar via Unigrol Keywords, respactvely. Paptide ifensities were
legasihmized and normalized to LPS primed unireated conditions. A two-tailed 1 lesl was performed between exiracelulsr and
intmesiuhr paptides of all recephom (Fipure S68A) and ssected receplons (Fipuss 568 and S6C) and sipnlicamos was denoted
by asterisis [p < 005, ™p < 00, ™p < 0001, ™p < 0.000).
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4.6 Project 6: Environmental arginine controls multinuclear giant cell metabolism and

formation
In joint illnesses such as rheumatoid arthritis (RA), Osteoclast mediated abnormal bone resorption results

in bone deterioration. Osteoclast formation is governed by cytokines present in the surrounding
environment, such as receptor activator of NF-B ligand (RANKL), and may also be influenced by external
nutrients. Our study in mice showed, that decrease of the amino acid arginine inhibits osteoclastogenesis
and ameliorates arthritis. We evaluated the effects of a recombinant modified form of arginase 1
(recArgl) — a previously shown activator of macrophages in autoimmunity - in vitro and in mice models of
inflammatory arthritis to determine whether depletion of systemic arginine could alter cellular
metabolism in bones and slow the course of inflammatory arthritis. We demonstrated that RANKL-
mediated osteoclastogenesis requires extracellular arginine by integrating arthritis mice models with
different omics methods (transcriptomics, proteomics, and metabolomics) in the presence and absence
of recArgl. Systemic arginine restriction enhanced results in a variety of mouse arthritic models,
particularly when osteoclast-mediated bone degradation was considered. Arginine deficiency inhibited
RANKL's transcriptional and metabolic activities, resulting in metabolic quiescence in osteoclast precursor
cells. Restriction of arginine had reversible effects on osteoclast development, and arginine precursors

could compensate for their absence.

This paper was published in Nature communications in 2020 [327] and was a collaboration with Gernot

Schabbauer of the Medical University of Vienna.

| contributed the proteomics sample preparation, MS analysis and data analysis.
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Environmental arginine controls multinuclear giant
cell metabolism and formation

Julia S Brunner) 2 Loan Vulliand3 Melanie Hofmann'2 Markus Kieler( '2, Alaxander Lercher(y®,
Andrea Vogel 7™, Marion Russier®, lohanna B. Briggenthies®, Martina Kerndl™ ", Victoria Saferding®,
Birglt Niederreiter>, Alexandra Junza®?, Annka Frauenstein®, Carina Scholtysek®, Yohe! Mikamiy %%,
Kristaps Klavins®, Gerhard Krénke®, Andreas Bergthaleri>3 lohn 1. O*Shea®, Thomas Weichhartis) ™,

Felix Meissner™® losef 5. Smolen(™ % Paul Cheng™ Oscar Yanes(™%7 Jag Menche™ 7, Peter . Mumay®,
Omar Sharif'2, Stephan BomIC 250 & Gernot Schabbauer' 35

Multimscleated glant cells (MGCs) are implicated In many disesses indufing schisteso-
miasks, sarcoidosis and arthritis. MGC generation ks energy intenshve to enforce membrane
Tusion and cytoplasmic expansion. Lising receptor activator of nudear factor kappa-B ligand
{RANKL) induced ostesclastogenesis to model MGC famation, here we report RANKL
celluar programming requires extracellular arginine Systemic anginine restriction Improves
outoome in multiple murine arthel tis models and | ts removal induces precsteocast metsbolic
quiescence, associated with impalred tricarboxylic acid (TCAY) cyde function and metabolite
Indhection. Effects of anginine deprivation on ostecd astogenesis are independent of mTORC1
activity or global transoriptional and translational Inhibition. Arginine scarcity also dampens
generation of IL-4 indeced MGCs. Strikingly, in extracellul & ar ginine absence, both cell types
display flexibility as thelr formation can be restored with select arginine precursors. These
data establish how environmental amine acids controd the metabolic fate of polylanyons and
suggest metabolic ways to manipulate MGC-assoclated pathologies and bone remodelling.

Vinstine dor Vasoudly Becdogy, Centre for Physiology and Presmacdogy, Mediad Univarsty Vemne, 1¢Hﬂmmﬁmrn.zﬂ1rﬁm1}q:ﬂnﬂahmmyb
Argrene Metbolien in Bhesrmatosd Arfrsis and mmnmmnmnﬁc&mnmcnnhuumhmhudmum
Acderny of S cences, 1030 Vierna, Austrin. 4 Waa Plnck insituie of Riochernistrg, 82152 Marinsred, Gearmany. $Dnision of Rhesmatobgy, Department of
Enterad Mechdne 11, Medical Unrsersty of Viennz, 1090 Viennz, Jerswra SCIBER of Dishetes and Amociated Metbolic Dsexes (CHERDEND, 20000
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saceibated bome by teaue redent odteoclasts
underlies the i of multipe chronic inflamma-
tory jodnt ﬁ.ﬂqﬂﬁdmm:ig;ﬂﬁcauthmﬁuﬂ o hrisman
health!. Tartrate-res add }
muhinucleated osteoclst amm

relies on

mark of this platicity n'&gﬁ
of cdlular metaboliim that allows immune cells,
mmmﬂhdwﬁmmdylﬂ]ﬁﬂﬂw:mimﬂ
available extracellular energy sources. Such metabal ic fexibility in
respomie to changing environmental und]tmn nT:?m
i Amala-

.rq;ud:ﬁrd. in inmate immime tﬂ]
a_ul.u]f_m nﬂh:ﬂ]m!ﬂ:ﬂrm:ﬁdmhﬂuﬁm
of mutrent by rewiring their metabolism to eficiently

wtilre abermative metabolites, sutxining their prolikera-
ﬁﬁ.ﬂnﬂqmﬁnﬂm&wﬁt anidtrient
2 enzymes that deplete specific AAs can be utili o limit
auxotrophic cancer cell growth. For example, L-asparaginoese is
wsed in acute lymphatic keukaemia treatment, but iis
dﬁhc,'m]mhdb}-dd::ﬁacu" Recent dimical studies
employed pegybited recombinant arginace 1 {recAmgl or BCT-
lmﬂhdqﬂm:rw:dmm\hnumnmﬂijﬂmmd:q}
mime  availahi on other distate settings remaing rd
mﬂplnmdmﬁr“"e rexsoned that manipulsting m'rimmitﬂ
rm'l:ﬂhid:kﬂ']nﬂ] ﬁiﬂﬂ:rmﬂlmﬁ!‘n ini'dnh.rlr_.pbu-
T ﬁiu:ity M- used madiﬂmaﬁaﬂsn\f
o test we s
lrgl.n.hzvh_ﬂmﬂnmlﬂ'}n'ﬂ:l: :ndm‘ral m Rﬂ:.l:ﬁl
mWMnmn&dmwmam
clast metabolism and differentiation. In arginine scarcity, osteo-
cags and IL-4indiced multimiclestal giant clls (MGCs)
display flexibility in their development, as their formation can be

restored by with select arginine precunors. Our
resiths highlight the importance If-ut::r?:m.ﬂﬁnﬁ:ﬂmh
MG ndﬂwwﬂlﬂ:jzuﬂc:ﬁﬁ:h ocf!}drm.il:

extracelular arginine depletion in munne arthritic

Results
RecArgl exerts beneficial effects in murine arthrits. To
investigale :if:}-.lbﬁ.i: arginine m:n:l]nlllhnn modubted bone
disenses, we fird wsed in serum transfer arthritis (K/
BxN), which is chamcerized by RANKL-induced bone erosion
lallu' e
L&E‘Wﬂw@m]mﬁfﬁ zﬂﬁﬁnlhl:mdw
strength associated with reduced paw swelling (total scone) and
weight losa Histological anclysis revealsd deceased formation of
ostenclists in arthritic whereas we fbund negligible effects
of arginine bimvailabdity on joint inflammation (Fig. 1a). Usinga
different arthntiz mosdal, we fomd arginine wes y impaor-
tant in tumour necrmsis factor MWE}- arthritis
hTNFT#+, § ementary 132 s restriction imprved
{dnﬂ.a] d:e:u;ﬁﬂ F%'qmihn of weight, and led 1o
decrensed broetion of bone :ﬂﬂul:nna_ o tencka 4, =1.F-H.1‘
it effect of treatment on osteockst formation
mﬁ]blmwsmhdqﬂmﬁdnﬁﬂmm
collagen- idisced arfhritis (CIAY a inodel alw (]
alhptw! :u:lm.tmﬂ",- {Sq.lpplm?' Fia. 1::“‘ In vive :nn'l@:g
revealsd attenuated asteoclast-specific paw n K (Ctsk)

2 TATLIRE OO0 LIMTCA T

clinical scored, unonnected Fom weight gain (Fig lc) Local
Cisk, and Thf ta ipts incressed in of ill versus
hu]ﬂ:;r'fd:m]i u:ncrnﬁ:-ni.ug‘."1r rnﬁﬂ!dﬂﬂ!ﬂﬂrﬂm&r
vated cl'lﬂ.l:] i and infla mmation .ﬂ.!:hu'l.#': arginine
were observed on Trf mBENA, indi that
bl ¢ preerenia f g Jarw i g
hg:mcd: effect on inflammation
{ 1dy © while a col-
]Sf#q?w thh:#dr&\b:rﬂtmd r\cbtﬂnﬂ}l:]ﬂma:yb Wfﬂm in
diseased versus ]tﬂlﬁ'l}' animmals, we detected no difference in
-treated vemus sham-treated acthritic animals (Supple-
mentary Fig le). Systemic arginine amounts in animals
mEm-—]%ﬂm? ?J:um!w :ddt}nmm“:]:]?apeund.
by disease (Fig. 1d). This wes associaied
i il e, bagiang sy plp i uassynt
Fig. 1)L Of note, in CLA, myelaid d oestecnclast
i S S e, g gt e
wmmm:ﬂmﬂmﬂihﬂnd{&wlmﬂ
tary Fig lg-i), sugpesting that decreased ocsteochat members
found in arthritis were due to differentistion of mteoclasta. Col-
ledtively, we conchuded that recAmgl exerts beneficial effects in
murine arthritis, likely by dampening oteoclastogernesis.
Tumhh::po-hm:]mu-hﬂt!:dmﬂunﬂnim]nﬁmzy
and bone ostenclags in patients suffering from
rhumdnﬁ.rhw;mnu]umdpmmmmpdh
ﬂ:ﬂ:nﬂnﬁdﬂt:ﬂ:hﬁ- Wmﬁuﬁ:nﬁﬁd::ﬁq
ermive and non-emsive BA Serum crosslaps, colagen degrada.
tion fegments produced from bame rmbmg oseockists,
confirmed their enhanded activity in erodive vemus noh-emdive
P:dim'l:l {Fh. lel Versus hea om'h:\oh:rﬂ:lﬂn:m
amaients exhibited a2 tendency to be enhanced in hmans with
ermive RA 1. In these pafients, g 1 [ARGL) was
s#ﬁmﬂrﬁﬁinﬂmd Mmr-;:-m'\!wpﬁhmt and positively
dﬁlﬁ,ﬂilpﬁ}srﬁgﬂ]mktfﬂkﬁlm i ting osteockst
activi it temoval and listrate of the
rg‘ﬂ:b;mim}-::wuﬂfurhm:nhmnm in BA

Extracellular remaoval attemsates
To investigate the moleadar and cellular mechanizms associated
with arginine restriction in bone ditease, we nevt dismecked
mwmﬁﬂ:”{sﬁ'm“ﬂhﬂu presence
or shaence of recArgl wing different systems- approaches.
For simplicity, u*lmfa-:?o M{EF+RAN31“Fh-um =
RANEL and M-CSF+E.ANKL+:|'H:AI51 h':n!.mm-tmrndhsl.
unles otherwise indicated (Fg 2a) The control RANKL tran-
scriplome consisted of 464 mBENA expresion changes with 249
and 215 As the latier inch-
T T i
K EG( analysis showed enrichment for ostesclast differentiation
{Supplementary Fig 2a, bl At the mENA level, perturbations in
Argimine Innq-nﬂ:.em and arginine and ]n'd:ine metabolism sizg-

gested an oseocdast-dependent importance for arginine metabo-
lism (Fig. 3b) Indesd, iy blscked murine
osteockstogeness, an effect ished by enzyme denaturation

and independent d’e&:‘umﬂvﬁﬂmﬁﬂmuﬂdxﬁ
human osteochstogenesia (Fig 2c-f) Treaament with
aﬁﬂ:‘tﬂd BANKL-indisced gene ecpresson already after 24
RANKL effats on teaclast figion that mainly
at 72-96h (Fig. 2& Supplementary Fige 2c and Ja}.
:E’:m:ntmch by selectively nedu-
RA}BCL depend, wﬂu’ﬁzswd? 1t an
:rmmthnklztmsm MK Bing and ine meta-
and that depletion ﬂ&m&%ﬁmﬂ& recArgl
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a, b Powr histology, osteocixt numbess. per hind par (N Oc), totdl soores, welght an d hestology inflsmmation are of mice suffesng from serom tramsfer
arthsts (@ BN, Nall p =10, recfrg] 5= 13 animalc) or the ATMPR mouse moded (b N2 5= 13, rechng! n=14 snimaix). Seale bor reprecents 1 mm.
« Cisic IS and quantification, total scores and weigh s of mice suffering from oofiagen-induced arfwits (CUA, N2 n=13, recArgl =14 ammads, Ok
WIS m = & aremais). d RecArgl depletes serum aginene; §/BoN (o= 13 aimak per group), ClA (Mall n= 13, recArgl p =14 animak). Ha{

-l repmcents saline wehiche contral group. e Senam omsciaps in the ndicaled pofent g s (erove RA = 30, non-arasie RA 5= 29 patien]). § Senm
argnine leves of 2 podent growrs (healtby n = B, enesve B n =29, nor-ooskhe B4 o = 30 i), g Arpinose 1 levels in 2l portient groups and
comdation beteesn agnase T and eroson o e of patients ufienng fom ercsve RA (heaithy 0= 19, exoshe RAR =29, noo RAp =30 -1
Drata are mean 3 SEM, “Pe (UG, = < QU0 ==P< QUODE, =P < QUDO0T, onpadred et (@0 o-g), one-wary AN A () and fwo-way ANOY A post-hoc
e compatsors with Bonferon mrecton {(a-), ner sgression (). Soure dats ane provided 2 3 Sounee: Dot il

trﬂnnmtmtﬂhindwnnicmcﬁpﬁm:]d'mgsﬂm
attenuate astecchstogenssis
Tao evaluste the im: of intracellular arginine degrada-
tion by cellilsr ARGl dirdng RANKL-indiced osteodast
differentiation, we used the Tie2-cre sytem to selectively delee
1 in ietic  onteoclast 7. Deficiency of
celhilar ARG within myeloid precimors dil ot affedt osteodast
diferentiation, mthvnnns_ envimonment] decrenses in evtracellu.
lar arginine mediated by mocArgl exhibit distinet funcions with
respact to isteoclant differentiation vemis those medisted by

cellular ARG (Fig. 2g-h) Undemooring the negligible effects
observed of conditional Argl deletion on esteochstogenssis, we
observed pemistent downregulation of Argl transcript and
protein hﬂ:wﬂMLtﬁ:‘mi&n’h‘lﬁmhhﬂh i
of wi tenclasis (Fig Zh-i, i 2a). To
ﬁnﬂtrmgprﬂ:u:pmﬁd"{ extracell rrﬁﬁm?ﬂﬂb{ﬂ
sigrmalli mﬂmw;umthﬂﬂdimm
1:311 wﬁ mecATgl d‘l.l.l:ins_ﬂwir differentiation in an identical
manmer b0 osteoclsis RecA

macrrphage and dendritic

exerted minogr influences on
differentintion {Supplementury
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Fig. 2 Extracelbiar arginine is exsenfal for fANKLndoced

a Schematicof systems-wide approxches periormed to undestand the

effedt of mcArgl on RANKL dependent osteochsingenssis b KEGG metzholic enschment of difierentiady expressed genes upon RANKL teatment

£ Repmeseniative: TRAP stings depicing that mscieg] abolich e murne and

Fuman RLANK -indoced osteociadn peneds. o Quomificaton of muonine data

depicied i« {p =&)L & gRT-PCR time muse of Mioie! and Fos {p =3 f Quantification of viable celis 245 post RANKL recArgl teatment (m=— 4.
£ h Ostendastogeness & umdanged by Agl defidency. TRAP stinings () and Westem bibts of ARG in precsteodasts (Fre-0l) and ostenckxts (D)

{h]Li gRT-PCR time coume of Al (o =3 Data are means SEM, =P < 005,

=P 2 OO, TP Q00N ane-way ANOVA () and teo-say ANOVA

post-hoc peinese comparsons. with Bondennoni commedtion (e Scale bar represents 200 pm (. gl Source data 2 provided 25 2 Souree Data file.

Fig 4), suggesting differential environmental argimine negqurine.
ments ot M-CSEAGM: CSF veres BANKL 52 the tter of
which is well described to be important for mudtinucleted
osteoclet formation

Rechrgl mmﬂ?ﬂﬂ.cﬂiﬂ:ws Upmmw,
blok osteoclastogenesis. We next
tni:m:unfﬂu‘h\! mdzphﬁmﬂumuﬂmrpﬂuﬂ]
are the of the & memtion®. We mrrpumd pre-
osteocket  treated  with BL (RAMEL) vemis mﬁ
(RANKL/ Arg-Depletion) ax adltioed in Arg-Free media (RAN
AmgSarvation). As antol, we e
Angn: media (RANKL/ Arg- Rﬂmiﬂwmumgm
h{,M{SF:muI qummfﬂr;-&mimi
ml.l}l.‘lih'llﬂ'l:llﬂﬂ]ﬂﬂ" we found Arg-Starvation alterad
BANKL-indwred effcts, while the M-CSF tmnecripome  was

signalling RANKL Arg -Depletion demostrated mone

segregation from RANKL than RANKL/Amg-Strvation samples,
whilst both profiles were disting fom MACSF conditions (Rg 3b
mﬂ&qﬁﬂﬂm‘h}- E&E:':I N{nd]ldﬁ!.uﬂ:ﬂ:u'ﬂdmd

-dcﬁcrlhﬂ :nﬂta.l:':pitw.l\'mﬂ:F
gatures (Fig. ).
W]H.'l:mcﬁrg] had the ﬂdmhﬁﬂb&]’_m-

scriptome, maost (119) =i
Stervation {150) were shamed with Arg-Depletion (20,

ific for both wene identified ig. 5
L e T
ducks of the Arg] reaction

viz arginine deplation, mther than via the pro-

To digssect the cellular and metabaolic d‘nnﬁu caused b}l

arginine mestricticn during osteocdast development, we next

mﬂhpu-mmi.cﬂmudzm whether Arg-Depletion in
Frm.d:udmtm mﬂm-ag:.:af {Fig_h."_n"

tary Fig. Sc). We did oot observe a global transhitional decrease
upan Arg-Starvation or Arg- etion, and indesd, mamy

il fled Arg-
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Fig. 3 Arginine presn o specifially sestaiec RANKL gene 2nd protein expression. a Workdflow dececting mofngt speafioty on RAMCOL sgnafing. Ang-
sufficfent {pink) and Arg-ddficent {gey) onditons 0 aspnine sifficent (@WMEM) or deficient meda {Arg-Free) degacied b M5 of tomsoiptomic

na e al

d in & ezt fiee of fe samples. ¢ Linear regresion of aversge gene ecprescion (o= 4 fior RANKL/ A

manes

Drepietion agamst RANKL Ag-Staraton. d Heatmap of profeomics data in &, showing £-soone of abondsnoe feved per proten aonss 2l conditinns
{RANKL-conddmns shown anlfy, full heatrmag i Supplementany B Sd). e Volano plat showing dfierence between M-C5F/ Arg-Resme serons RANKL'
Asg-Rescue (o= 4. Highlighted are protesms moduiaied by RANKL in an arginine-dependent mammes. § Wolcano piot showing diffesnce bebasen RANKL'
Arg-Resmue veras RANKL Arg Depietion (o =4) Highighted am protens uniquely influenced by recArgl

grmdn: were indivced wnder low a
uppleme mtary Fig. 5d). RANKL additivon controlled expresiion
of 349 out of 512 identified ing with incresses decna s in
1TY178 proteins, mspectively (Fig. 3¢1 Only 43 RANKL-
inchwced s were cowiberacied h’g.' :rﬂ:ﬂ.:;l treatment,
1nr_'|urf:ma_ those msociated with -cl'nﬂ.ndnuﬁm @ we
pected, a5 well ::ju’n‘hﬂn:- invelved in the actin cytoske leton,
DNA replication the cell eyele (Fig. ). Thus, as found for
'r]um:n]:ibnm.t.ﬂ D{:_Plchm had 2 selective effect on
proteing regulated Iﬂ' the RANEL pathway. Examining cell
cycle status mevealed that while arginine was required for
BANEKL -indiscead G,I'M cell c}rj: W\Edqm that Pu'acmi:vrf cell
fussion, its withd newal was vﬂmt to M-CSF- treated cells,
5 diminished cell tion | Supplementary
FJ.I:?ilhIE.!. [:rq'.l-u:‘hnﬂ!l.' al a::rm:ﬂz llq{ﬂ:hnu
recArg]l muodulated umni proteins, mamy :rmdn‘h:d similar
bisdogical proceses o R..'I.NKI_ signature {Fig. 3f). Taken
hg,cﬂ\:r,ﬂ:ucqhh:]hwﬂ.! it o e hindie that RANEKL cellular
Srd'iﬂ o cn:mdhﬂ:rugmm a5 :ml:.!.rs,l hFJ}'
counteracted the RANEL-dependent  transcriptome amd
protecme.

inine conditions (Fig 3d,

Ostendast oxidative metabolian is i dent A
nine withdrwal has often been ﬂ.mmﬂﬂhm of
mTORCL :f:-]]mﬁ_ 2 key regulstor of cellular feration and
transdation®®. Concordant with miner effects of arginine depri-
Vabiiia on 1 tramslation, M-CSERANEL mediated
mTOR ]ﬂ:ujﬂﬂfﬂ

rﬂ:ﬂqﬂ (pSak., 4E-BP1) but was largely unaltered by recArgl
Fig 4a) In addition, genetic delstion of mTOR a3 ing com-
TecZ and Ricter™, an arginine sensor importnt for
mTORC] responses (SR80 or compuenents of the inte-
rated siness including the known M semior GUN2
?ﬂkm and one of its downstream trenscd mediators
(D3, could not bypas the effects of arginine withdravel on
osteochstogenesis { Fig. ab)L
next probed the efiect of iniiee on atenclast metabalism
Lnt:g,mﬂi': network analyiis of arginine effect on the RANEL
& ah.m:.tmﬂ:!n & aied i data, & el
ﬂf;. omidative chhbthn?hm an mctﬂm]tw
hrl.b linked to ﬁqrp]m\' Fi ﬁ: and
"T'EJ:L Indead, we ohaerved RANEK
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Fig_ 4 Dyramic dhanges in metabolism to decreased evirac ellular arginine doring RANKL-dependent o stent esis oo mTOR independen iy 2

R gl ewests negBpihie efieci on BANKL-medaied mTOR -miated potioags. hMbuwmmmM-:mnmmm ot rescos eflecks: of
Arg-Dieplation Scale hor represents 200 pm:. e Onygen comumption mte (OO, spare s piotony caparity (SRC) amd haed ghyonfptic mte (ECAR) of
premieocdnts trecArgl (o, d o =80 Megligbie efiect of aginme deprivation on precsisociat 2-NBDG {(gumse) uptdoe {80 =43 Al data 485 post
[ faticen. F RARKL o iy changed matabalides imira-/edraefiulady © recArgl. Dot nosmalred agabnst M-CSF (heft) and moresent mean (p=a,
RANKL nbraeeliular p=3; see Sopplementary Fig. T, di g Transonptional paofiles of ssfecied GG pafreays TCA opce and senine/porine biosyrdhetic
enmymes ind cated. Data repmsent mean {p= 4. Significanee levds according o empiscal permartstion test, empinial Pvadoes sposted. Dataane mean 3
SEM, P = 000G, =P < U000, one-way ANOY A pret-hor parese compeesons with Bonfenoni comection (c-a) and teo-way ANOYA post Sidac’s
multpis omparsors test (o Source dots 2 provided 2= 2 Source Diata file

bunts in premtecclat spare respimtory capadty ot 48h post  intermedistes (eg malate fumarate, succinate, a-keoglutaate)
atimulstion, as previowsy deseribed™. These RANKL-medinied 24h post stimudation and only subfe changes in intracellular Ads
:|:|'|:|'E|:a=|'|.l|lv:r|:vl:\nt'|.||11'|:ﬂ=c'|:m‘f!114I :rn:ﬂ:rg,l,inammﬂ'ntﬂ {g&mmﬂpmhm}{%lfﬂw Fig. Teh
r:ﬁcndzm in mitechondrial mass ( -ﬁ. and  Oxygen comumption ries ((OCRs) 24h post RBANEL treatment
ementary Ry Ta, B3, Mareaver, versus the M wene unchangeld com to MACSF, indicating that RANKL-
BANKL markedly indisced premteccl=d ghedyte e, :Irlli: itdiiced changes in TCA metibolites preceded the olmenved boost
in gluc (Fig 4d, ). Elevated in OXFHOS (3 g Te
mﬂ gheolysis under g Rﬁmﬁ was indepen: Arginine i:[;nupphthJ iﬂqﬂ:, which is connectal
Minﬁmeam&aﬂmﬁmdmﬁml thﬂAﬂd:vna:]nnlﬂm#\ﬂmmlﬂ.mghﬂ\
adiition -LM&HRANKL-I—MA@! {Fla, ad, &L Uﬂm a WmNﬁmmuﬂdh mm:ﬁ,m:mﬂnmﬁ
metabal omic wch, we derved RANKL-dependent induc-  robust TCA enrymatic trans o, thase
tion of kﬂ%r tricarbordic acid (TCA) cple  isndtrae to o m{m}mﬁﬁnmzm
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Interestingly, mTOR is a central metabolic integrator, whase
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luie extracellular arginine for mTOR activation'®,
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ignalling during RANKL asteoclastogenesis [ndeed,
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premteoclast metabolic quissene asodated with cell opcle
arrest and distinet to that previoudy described in other cell types
such as "lmdh;l.ﬁ:ﬁchcf:rﬂm
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5 Discussion
Nearly two decades ago, knowledge gained from the human genome sequencing project sparked great

hopes and expectations for identifying disease-causing genetic elements. However, environmental
alterations have a huge impact on post-transcriptional and post-translational regulation of the genome
and lead to distinct phenotypes. Today, proteomics using mass spectrometry has been recognized as the
most successful technique in proteomic research. Recent research has demonstrated that alterations in
the proteome correlate strongly with disease symptoms and, in many cases, surpass genomic and
transcriptomic-based techniques. Thus, proteomics is a potent method for comprehensively evaluating
disorders by enabling the analysis of protein expression, post-translational modification and molecular
interactions. Instrumentation and MS-based methods are dynamically evolving and allow researchers to
continuously push new boundaries. More than 1000 proteins can be analyzed from individual cells due to
advances in sample processing, LC performance and MS instrumentation. Advances in liquid
chromatography allow the robust in-depth analysis of thousands of samples on a single chromatographic

column without loss of performance.

5.1 Interaction proteomics
The majority of the proteome data produced in this thesis were obtained by an elaborate AE-LC-MS/MS

study and provide significant information regarding the physical interactions and post-translational

modifications in human immune cells.

| described MIP-APMS, a method for interrogating functional signal transduction networks in intracellular
signaling pathways that combines simplified cell line generation and proteomics. We quantified over 370
PPIs and 80 PTMs in human monocytes following receptor activation or drug treatment. Our approach
identified molecular links between PTMs and PPIs, as well as protein subnetworks that regulate cellular
programs regulated by site-specific PTMs. Site-specific modification of amino acids to be phosphorylated
or isgylated on TRAF2 resulted in divergent interactomes and altered cellular physiology for mutant
proteins. Thus, structural insights into the interfaces between protein complexes and critical PTMs for
protein complex stabilization can be elucidated. MIP-APMS experiments with temporal resolution enable
the clarification of co-regulations at several biochemical layers, hence increasing our understanding of the
molecular linkages that exist between the successive processes of signal transduction. By enhancing
temporal resolution further, it may become able to unravel the causal relationships between PTM and

PPIS regulation in greater detail.
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Historically, AE- and AP-LC-MS/MS investigations have required ectopic expression and affinity tags fused
to the protein of interest in order to enrich and identify interacting proteins, as well as unravel dynamic
processes in protein-complex formation. However, studies using AP-LC-MS/MS frequently generate a
large number of false-positive results, which frequently results in misinterpretation of the acquired
interaction data. Fusion of an affinity tag to the protein of interest can increase false-negative and false-
positive rates by interfering with the structure and function of the protein, mis-localizing the protein
within the cell, destabilizing real interactions, and identifying proteins with a high affinity for the molecular
tag utilized. Additionally, ectopic expression of the target protein can have a profound effect on the
cellular proteome. Thus, validation and optimization of AP-LC-MS/MS procedures and statistical analysis
are essential to ensure the highest possible quality of PPl data. In the future, CRISPR-Cas9-mediated
genomic editing tools, like prime editing, may be used to directly introduce the affinity label into the
genome to forego ectopic gene-expression with all it's disadvantages. Alternatively, antibody-based
capture techniques (CO-IP-MS/MS) and proximity-dependent approaches have been used in the past. The
CO-IP-MS/MS technique enables the identification of protein interactions in primary cells under
physiological circumstances. However, the antibody's availability, affinity, and specificity must be carefully
examined. Additionally, each antibody's binding conditions require time-consuming optimization, limiting

its application to less extensive PPI research.

Often, cell lysis and buffer conditions have a major impact on the sensitivity and specificity of AP- and CO-
IP-MS/MS procedures, frequently resulting in the loss of transient interactions. We optimized our MIP-
APMS workflow to also capture these transient interactions. Alternatively, proximity-dependent
techniques, such as BiolD or APEX, rely on enzymes being fused to the target protein and covalently
modify proteins in close proximity. This permits the detection of transient protein-protein interactions,
however due to the broad labelling radius also non-direct interacting proteins are identified. A different
approach is size-exclusion chromatography coupled to mass spectrometry (SEC-MS), which derives PPI
information from co-eluting protein profiles without ectopic tagging of the protein. Thousands of protein
interactions can be investigated in a single experiment. However, it is limited in resolution by the

separation efficiency of the analytical size-exclusion chromatography.

Alternatively, by incorporating chemical crosslinking techniques [328, 329], transient interactors could be
further stabilized. Combining APMS with structural information about the bait protein and its interactome
may identify different interfaces between protein complexes that are altered by site-specific covalent

modification or pharmacological action. Integrating protein crosslinking with PTM status, e.g. of wild-type
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vs. mutant variant proteins of interest, would be particularly fascinating since it would allow for the

resolution of altered structural interaction surfaces in addition to differential PTM-dependent PPIs.

Currently, high amounts of measurement time are needed for the conduction of an APMS experiment.
Using data-independent collection methodologies and short LC gradients, the overall measuring time per
sample at a comparable proteome depth may be further lowered in the future [57, 330]. The
reproducibility, precision, and accuracy of quantification of changed peptides can be further enhanced by

adopting isobaric labeling techniques rather than LFQ [111, 331].

5.2 Post-translational modifications
While mass spectrometry-based proteomics has significantly advanced our understanding of specific

PTMs like phosphorylation and ubiquitinylation, this trend has been mostly limited to modifications with
known compositions. Due to the fact that conventional bottom-up MS relies on database searches to
identify peptides and modified peptides, it is fundamentally incapable of detecting modifications with an
unknown mass. | used an open search mode in my thesis, utilizing a variety of PTM search algorithms —
MaxQuant, MS-fragger, and PEAKS-based taggraph — to enable the unbiased characterization of PTMs on
specific target proteins in AP-MS experiments without prior enrichment. De novo sequencing speed will
become even more critical when high-resolution and high-volume mass spectrometers become more
commonly available. Additionally, enrichment approaches remain the ideal alternative for performing
extremely detailed analyses of selected PTMs, although we anticipate that this requirement will
significantly decrease as instrumentation sensitivity improves. We demonstrate in Project 1 that, given
high quality MS/MS spectra, open search enables the measurement of otherwise un-enrichable, but

abundant PTMs.

Because PTMs on proteins are typically substoichiometric, their detection requires particular enrichment
to aid in MS identification. As a result, analysis of a large number of additional extremely interesting PTMs
has lagged much behind. PTMs can often be identified without enrichment, albeit not to the same depth,
due to the higher scanning speed and dynamic range of contemporary MS apparatus. We have
demonstrated this in Project 2, where we studied proteolysis by signal peptide peptidases giving rise to
new N-termini of proteins with signal peptides in human and mice. This post-translational protein
modification is so abundant, that it can be directly studied without further enrichment. We envision, that
similar studies will be carried out in the future to further enlarge the landscape of experimentally verified

signal peptide cleavage.
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Post-translational modification is the primary source of protein variety. To obtain a better understanding
of our organism's physiological/pathophysiological processes and to develop higher-quality and more
efficient biopharmaceutical products and diagnostic techniques, additional knowledge in the fields of
proteomics and PTM mapping is required. Proteomic techniques based on mass spectrometry have
emerged as a powerful tool for screening and characterizing PTMs. Although current technology is unable
of providing a comprehensive picture of the changed proteome, future proteomics will build on continuing

advancements in mass spectrometry-based proteomic methods.

153



6

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

References

Consortium, E.P., An integrated encyclopedia of DNA elements in the human genome. Nature,
2012. 489(7414): p. 57-74.

Li, X. and J.L. Manley, Cotranscriptional processes and their influence on genome stability. Genes
& Development, 2006. 20(14): p. 1838-1847.

Hershey, J.W.B., N. Sonenberg, and M.B. Mathews, Principles of translational control: an
overview. Cold Spring Harbor perspectives in biology, 2012. 4(12): p. a011528.

Aebersold, R., et al., How many human proteoforms are there? Nature chemical biology, 2018.
14(3): p. 206-214.

Ponomarenko, E.A., et al., The Size of the Human Proteome: The Width and Depth. Int J Anal
Chem, 2016. 2016: p. 7436849.

Wang, D., et al., A deep proteome and transcriptome abundance atlas of 29 healthy human
tissues. Molecular Systems Biology, 2019. 15(2): p. e8503.

Adhikari, S., et al., A high-stringency blueprint of the human proteome. Nature Communications,
2020. 11(1): p. 5301.

Link, A.J., et al., Direct analysis of protein complexes using mass spectrometry. Nature
Biotechnology, 1999. 17(7): p. 676-682.

Wolters, D.A., M.P. Washburn, and J.R. Yates, An Automated Multidimensional Protein
Identification Technology for Shotgun Proteomics. Analytical Chemistry, 2001. 73(23): p. 5683-
5690.

Zhang, Y., et al., Protein analysis by shotgun/bottom-up proteomics. Chemical reviews, 2013.
113(4): p. 2343-2394.

Olsen, J.V., S.-E. Ong, and M. Mann, Trypsin Cleaves Exclusively C-terminal to Arginine and Lysine
Residues*. Molecular & Cellular Proteomics, 2004. 3(6): p. 608-614.

Vistain, L.F. and S. Tay, Single-Cell Proteomics. Trends in Biochemical Sciences, 2021.

Woods, A.G., et al., Mass Spectrometry for Proteomics-Based Investigation, in Advancements of
Mass Spectrometry in Biomedical Research, A.G. Woods and C.C. Darie, Editors. 2019, Springer
International Publishing: Cham. p. 1-26.

Lermyte, F., et al., Top or Middle? Up or Down? Toward a Standard Lexicon for Protein Top-
Down and Allied Mass Spectrometry Approaches. Journal of the American Society for Mass
Spectrometry, 2019. 30(7): p. 1149-1157.

Leney, A.C. and A.J.R. Heck, Native Mass Spectrometry: What is in the Name? Journal of the
American Society for Mass Spectrometry, 2017. 28(1): p. 5-13.

Zhang, J., et al., Top-down quantitative proteomics identified phosphorylation of cardiac
troponin | as a candidate biomarker for chronic heart failure. Journal of proteome research,
2011. 10(9): p. 4054-4065.

Ge, Y., et al., Top-down high-resolution mass spectrometry of cardiac myosin binding protein C
revealed that truncation alters protein phosphorylation state. Proceedings of the National
Academy of Sciences of the United States of America, 2009. 106(31): p. 12658-12663.

Ntai, |., et al., Precise characterization of KRAS4b proteoforms in human colorectal cells and
tumors reveals mutation/modification cross-talk. Proceedings of the National Academy of
Sciences of the United States of America, 2018. 115(16): p. 4140-4145.

McCool, E.N., et al., Deep Top-Down Proteomics Using Capillary Zone Electrophoresis-Tandem
Mass Spectrometry: Identification of 5700 Proteoforms from the Escherichia coli Proteome.
Analytical chemistry, 2018. 90(9): p. 5529-5533.

Brown, K.A,, et al., Top-down proteomics: challenges, innovations, and applications in basic and
clinical research. Expert Review of Proteomics, 2020. 17(10): p. 719-733.

154



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Zhang, X., Less is More: Membrane Protein Digestion Beyond Urea-Trypsin Solution for Next-level
Proteomics. Molecular & cellular proteomics : MCP, 2015. 14(9): p. 2441-2453.

Baez, N.O.D., J.A. Reisz, and C.M. Furdui, Mass spectrometry in studies of protein thiol chemistry
and signaling: opportunities and caveats. Free radical biology & medicine, 2015. 80: p. 191-211.
Cleland, W.W., Dithiothreitol, a New Protective Reagent for SH Groups*. Biochemistry, 1964.
3(4): p. 480-482.

Getz, E.B., et al., A Comparison between the Sulfhydryl Reductants Tris(2-carboxyethyl)phosphine
and Dithiothreitol for Use in Protein Biochemistry. Analytical Biochemistry, 1999. 273(1): p. 73-
80.

Tsiatsiani, L. and A.J.R. Heck, Proteomics beyond trypsin. The FEBS Journal, 2015. 282(14): p.
2612-2626.

Rappsilber, J., Y. Ishihama, and M. Mann, Stop and Go Extraction Tips for Matrix-Assisted Laser
Desorption/lonization, Nanoelectrospray, and LC/MS Sample Pretreatment in Proteomics.
Analytical Chemistry, 2003. 75(3): p. 663-670.

Kulak, N.A., et al., Minimal, encapsulated proteomic-sample processing applied to copy-number
estimation in eukaryotic cells. Nature Methods, 2014. 11(3): p. 319-324.

Hughes, C.S., et al., Ultrasensitive proteome analysis using paramagnetic bead technology.
Molecular Systems Biology, 2014. 10(10): p. 757.

Berger, S.T., et al., MStern Blotting-High Throughput Polyvinylidene Fluoride (PVDF) Membrane-
Based Proteomic Sample Preparation for 96-Well Plates. Molecular & cellular proteomics : MCP,
2015. 14(10): p. 2814-2823.

Dai, J., et al., Protein Phosphorylation and Expression Profiling by Yin-Yang Multidimensional
Liquid Chromatography (Yin-Yang MDLC) Mass Spectrometry. Journal of Proteome Research,
2007. 6(1): p. 250-262.

Motoyama, A,, et al., Anion and Cation Mixed-Bed lon Exchange for Enhanced Multidimensional
Separations of Peptides and Phosphopeptides. Analytical Chemistry, 2007. 79(10): p. 3623-3634.
Zhou, H., et al., Toward a Comprehensive Characterization of a Human Cancer Cell
Phosphoproteome. Journal of Proteome Research, 2013. 12(1): p. 260-271.

Kulak, N.A., P.E. Geyer, and M. Mann, Loss-less Nano-fractionator for High Sensitivity, High
Coverage Proteomics. Molecular & Cellular Proteomics : MCP, 2017. 16(4): p. 694-705.
Solovyeva, E.M., et al., FractionOptimizer: a method for optimal peptide fractionation in bottom-
up proteomics. Analytical and Bioanalytical Chemistry, 2018. 410(16): p. 3827-3833.

Aguilar, M.-1., Reversed-Phase High-Performance Liquid Chromatography, in HPLC of Peptides
and Proteins: Methods and Protocols, M.-I. Aguilar, Editor. 2004, Springer New York: Totowa, NJ.
p. 9-22.

Kocher, T., R. Swart, and K. Mechtler, Ultra-High-Pressure RPLC Hyphenated to an LTQ-Orbitrap
Velos Reveals a Linear Relation between Peak Capacity and Number of Identified Peptides.
Analytical Chemistry, 2011. 83(7): p. 2699-2704.

Shen, Y., et al., Packed Capillary Reversed-Phase Liquid Chromatography with High-Performance
Electrospray lonization Fourier Transform lon Cyclotron Resonance Mass Spectrometry for
Proteomics. Analytical Chemistry, 2001. 73(8): p. 1766-1775.

Wilson, 1.D., et al., High Resolution “Ultra Performance” Liquid Chromatography Coupled to oa-
TOF Mass Spectrometry as a Tool for Differential Metabolic Pathway Profiling in Functional
Genomic Studies. Journal of Proteome Research, 2005. 4(2): p. 591-598.

Thakur, S.S., et al., Deep and highly sensitive proteome coverage by LC-MS/MS without
prefractionation. Molecular & cellular proteomics : MCP, 2011. 10(8): p. M110.003699-
M110.003699.

155



40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Fenn, J.B., et al., Electrospray ionization for mass spectrometry of large biomolecules. Science,
1989. 246(4926): p. 64.

Aebersold, R. and M. Mann, Mass spectrometry-based proteomics. Nature, 2003. 422(6928): p.
198-207.

Karas, M. and F. Hillenkamp, Laser desorption ionization of proteins with molecular masses
exceeding 10,000 daltons. Analytical Chemistry, 1988. 60(20): p. 2299-2301.

Haag, A.M., Mass Analyzers and Mass Spectrometers, in Modern Proteomics — Sample
Preparation, Analysis and Practical Applications, H. Mirzaei and M. Carrasco, Editors. 2016,
Springer International Publishing: Cham. p. 157-169.

Miller, P.E. and M.B. Denton, The quadrupole mass filter: Basic operating concepts. Journal of
Chemical Education, 1986. 63(7): p. 617.

Stafford, G.C., et al., Recent improvements in and analytical applications of advanced ion trap
technology. International Journal of Mass Spectrometry and lon Processes, 1984. 60(1): p. 85-
98.

Mamyrin, B.A., Time-of-flight mass spectrometry (concepts, achievements, and prospects).
International Journal of Mass Spectrometry, 2001. 206(3): p. 251-266.

Comisarow, M.B. and A.G. Marshall, Fourier transform ion cyclotron resonance spectroscopy.
Chemical Physics Letters, 1974. 25(2): p. 282-283.

Comisarow, M.B. and A.G. Marshall, Frequency-sweep fourier transform ion cyclotron resonance
spectroscopy. Chemical Physics Letters, 1974. 26(4): p. 489-490.

Hu, Q. et al., The Orbitrap: a new mass spectrometer. Journal of Mass Spectrometry, 2005.
40(4): p. 430-443.

Scigelova, M., et al., Fourier Transform Mass Spectrometry. Molecular & Cellular Proteomics,
2011.10(7): p. M111.009431.

Mann, M. and N.L. Kelleher, Precision proteomics: The case for high resolution and high mass
accuracy. Proceedings of the National Academy of Sciences, 2008. 105(47): p. 18132.
Roepstorff, P. and J. Fohlman, Letter to the editors. Biomedical Mass Spectrometry, 1984.
11(11): p. 601-601.

Rost, H.L., et al., OpenSWATH enables automated, targeted analysis of data-independent
acquisition MS data. Nature Biotechnology, 2014. 32(3): p. 219-223.

Kelstrup, C.D., et al., Performance Evaluation of the Q Exactive HF-X for Shotgun Proteomics.
Journal of Proteome Research, 2018. 17(1): p. 727-738.

Chapman, J.D., D.R. Goodlett, and C.D. Masselon, Multiplexed and data-independent tandem
mass spectrometry for global proteome profiling. Mass Spectrometry Reviews, 2014. 33(6): p.
452-470.

Ludwig, C., et al., Data-independent acquisition-based SWATH-MS for quantitative proteomics: a
tutorial. Molecular systems biology, 2018. 14(8): p. e8126-e8126.

Bruderer, R., et al., Optimization of Experimental Parameters in Data-Independent Mass
Spectrometry Significantly Increases Depth and Reproducibility of Results. Molecular & Cellular
Proteomics : MCP, 2017. 16(12): p. 2296-2309.

Bilbao, A., et al., Processing strategies and software solutions for data-independent acquisition in
mass spectrometry. PROTEOMICS, 2015. 15(5-6): p. 964-980.

Perkins, D.N., et al., Probability-based protein identification by searching sequence databases
using mass spectrometry data. Electrophoresis, 1999. 20(18): p. 3551-67.

Cox, J., et al.,, Andromeda: A Peptide Search Engine Integrated into the MaxQuant Environment.
Journal of Proteome Research, 2011. 10(4): p. 1794-1805.

156



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Eng, J.K., A.L. McCormack, and J.R. Yates, An approach to correlate tandem mass spectral data of
peptides with amino acid sequences in a protein database. ) Am Soc Mass Spectrom, 1994.
5(11): p. 976-89.

Cox, J. and M. Mann, MaxQuant enables high peptide identification rates, individualized p.p.b.-
range mass accuracies and proteome-wide protein quantification. Nat Biotech, 2008. 26(12): p.
1367-1372.

Elias, J.E. and S.P. Gygi, Target-decoy search strategy for increased confidence in large-scale
protein identifications by mass spectrometry. Nat Methods, 2007. 4(3): p. 207-14.

Nesvizhskii, A.l., A survey of computational methods and error rate estimation procedures for
peptide and protein identification in shotgun proteomics. J Proteomics, 2010. 73(11): p. 2092-
123.

Muth, T. and B.Y. Renard, Evaluating de novo sequencing in proteomics: already an accurate
alternative to database-driven peptide identification? Brief Bioinform, 2018. 19(5): p. 954-970.
Doellinger, J., L. Schaade, and A. Nitsche, Comparison of the Cowpox Virus and Vaccinia Virus
Mature Virion Proteome: Analysis of the Species- and Strain-Specific Proteome. PLoS One, 2015.
10(11): p. e0141527.

Hettich, R.L., et al., Metaproteomics: harnessing the power of high performance mass
spectrometry to identify the suite of proteins that control metabolic activities in microbial
communities. Anal Chem, 2013. 85(9): p. 4203-14.

Zhu, Y., et al., SpliceVista, a tool for splice variant identification and visualization in shotgun
proteomics data. Mol Cell Proteomics, 2014. 13(6): p. 1552-62.

Chick, .M., et al., A mass-tolerant database search identifies a large proportion of unassigned
spectra in shotgun proteomics as modified peptides. Nat Biotechnol, 2015. 33(7): p. 743-9.

Tran, N.H., et al., Complete De Novo Assembly of Monoclonal Antibody Sequences. Sci Rep, 2016.
6: p. 31730.

Guthals, A., et al., De Novo MS/MS Sequencing of Native Human Antibodies. J Proteome Res,
2017.16(1): p. 45-54.

Sakurai, T., et al., PAAS 3: A computer program to determine probable sequence of peptides from
mass spectrometric data. Biomedical Mass Spectrometry, 1984. 11(8): p. 396-399.

Hamm, C.W., W.E. Wilson, and D.J. Harvan, Peptide sequencing program. Comput Appl Biosci,
1986. 2(2): p. 115-8.

Johnson, R.S. and K. Biemann, Computer program (SEQPEP) to aid in the interpretation of high-
energy collision tandem mass spectra of peptides. Biomed Environ Mass Spectrom, 1989. 18(11):
p. 945-57.

Dancik, V., et al., De novo peptide sequencing via tandem mass spectrometry. ) Comput Biol,
1999. 6(3-4): p. 327-42.

Taylor, J.A. and R.S. Johnson, Sequence database searches via de novo peptide sequencing by
tandem mass spectrometry. Rapid Commun Mass Spectrom, 1997. 11(9): p. 1067-75.

Lu, B. and T. Chen, Algorithms for de novo peptide sequencing using tandem mass spectrometry.
Drug Discovery Today: BIOSILICO, 2004. 2(2): p. 85-90.

Frank, A. and P. Pevzner, PepNovo: de novo peptide sequencing via probabilistic network
modeling. Anal Chem, 2005. 77(4): p. 964-73.

Chi, H., et al., pNovo+: de novo peptide sequencing using complementary HCD and ETD tandem
mass spectra. ) Proteome Res, 2013. 12(2): p. 615-25.

Ma, B., Novor: real-time peptide de novo sequencing software. J Am Soc Mass Spectrom, 2015.
26(11): p. 1885-94.

Ma, B., et al., PEAKS: powerful software for peptide de novo sequencing by tandem mass
spectrometry. Rapid Communications in Mass Spectrometry, 2003. 17(20): p. 2337-2342.

157



82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Ankney, J.A., A. Muneer, and X. Chen, Relative and Absolute Quantitation in Mass Spectrometry—
Based Proteomics. Annual Review of Analytical Chemistry, 2016. 11(1): p. 49-77.

Rabilloud, T., Two-dimensional gel electrophoresis in proteomics: old, old fashioned, but it still
climbs up the mountains. Proteomics, 2002. 2(1): p. 3-10.

Ong, S.E. and M. Mann, A practical recipe for stable isotope labeling by amino acids in cell
culture (SILAC). Nat Protoc, 2006. 1(6): p. 2650-60.

Mann, M., Functional and quantitative proteomics using SILAC. Nat Rev Mol Cell Biol, 2006.
7(12): p. 952-8.

Kriiger, M., et al., SILAC mouse for quantitative proteomics uncovers kindlin-3 as an essential
factor for red blood cell function. Cell, 2008. 134(2): p. 353-64.

Sury, M.D., J.X. Chen, and M. Selbach, The SILAC fly allows for accurate protein quantification in
vivo. Mol Cell Proteomics, 2010. 9(10): p. 2173-83.

Matthes, A., K. Kéhl, and W.X. Schulze, SILAC and alternatives in studying cellular proteomes of
plants. Methods Mol Biol, 2014. 1188: p. 65-83.

Tyanova, S., M. Mann, and J. Cox, MaxQuant for in-depth analysis of large SILAC datasets.
Methods Mol Biol, 2014. 1188: p. 351-64.

Kratchmarova, |., et al., Mechanism of Divergent Growth Factor Effects in Mesenchymal Stem
Cell Differentiation. Science, 2005. 308(5727): p. 1472.

Gruhler, A., et al., Quantitative Phosphoproteomics Applied to the Yeast Pheromone Signaling
Pathway*S. Molecular & Cellular Proteomics, 2005. 4(3): p. 310-327.

Geiger, T., et al., Super-SILAC mix for quantitative proteomics of human tumor tissue. Nat
Methods, 2010. 7(5): p. 383-5.

Zeiler, M., et al., A Protein Epitope Signature Tag (PrEST) library allows SILAC-based absolute
quantification and multiplexed determination of protein copy numbers in cell lines. Mol Cell
Proteomics, 2012. 11(3): p. 0111.009613.

Kettenbach, A.N., J. Rush, and S.A. Gerber, Absolute quantification of protein and post-
translational modification abundance with stable isotope—labeled synthetic peptides. Nature
Protocols, 2011. 6(2): p. 175-186.

Gerber, S.A,, et al., Absolute quantification of proteins and phosphoproteins from cell lysates by
tandem MS. Proceedings of the National Academy of Sciences, 2003. 100(12): p. 6940.
Beynon, R.J,, et al., Multiplexed absolute quantification in proteomics using artificial QCAT
proteins of concatenated signature peptides. Nature Methods, 2005. 2(8): p. 587-589.
Thompson, A., et al., Tandem Mass Tags: A Novel Quantification Strategy for Comparative
Analysis of Complex Protein Mixtures by MS/MS. Analytical Chemistry, 2003. 75(8): p. 1895-
1904.

Ross, P.L., et al., Multiplexed protein quantitation in Saccharomyces cerevisiae using amine-
reactive isobaric tagging reagents. Mol Cell Proteomics, 2004. 3(12): p. 1154-69.

DeSouza, L.V., et al., Endometrial Carcinoma Biomarker Discovery and Verification Using
Differentially Tagged Clinical Samples with Multidimensional Liquid Chromatography and
Tandem Mass Spectrometry*. Molecular & Cellular Proteomics, 2007. 6(7): p. 1170-1182.

Ow, S.Y,, et al., Minimising iTRAQ ratio compression through understanding LC-MS elution
dependence and high-resolution HILIC fractionation. PROTEOMICS, 2011. 11(11): p. 2341-2346.
Rauniyar, N. and J.R. Yates, Isobaric Labeling-Based Relative Quantification in Shotgun
Proteomics. Journal of Proteome Research, 2014. 13(12): p. 5293-5309.

Altelaar, A.F.M., et al., Benchmarking stable isotope labeling based quantitative proteomics.
Journal of Proteomics, 2013. 88: p. 14-26.

158



103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Ma, Y., et al., iTRAQ-based quantitative analysis of cancer-derived secretory proteome reveals
TPM2 as a potential diagnostic biomarker of colorectal cancer. Frontiers of Medicine, 2016.
10(3): p. 278-285.

Xin, Q.-L., et al., Quantitative Proteomic Analysis of Mosquito C6/36 Cells Reveals Host Proteins
Involved in Zika Virus Infection. Journal of Virology, 2017. 91(12): p. e00554-17.

Wang, P., et al., Tau interactome mapping based identification of Otubl as Tau deubiquitinase
involved in accumulation of pathological Tau forms in vitro and in vivo. Acta Neuropathologica,
2017.133(5): p. 731-749.

Dayon, L., et al., Relative Quantification of Proteins in Human Cerebrospinal Fluids by MS/MS
Using 6-Plex Isobaric Tags. Analytical Chemistry, 2008. 80(8): p. 2921-2931.

Werner, T., et al., lon coalescence of neutron encoded TMT 10-plex reporter ions. Anal Chem,
2014. 86(7): p. 3594-601.

Karp, N.A., et al., Addressing Accuracy and Precision Issues in iTRAQ Quantitation*. Molecular &
Cellular Proteomics, 2010. 9(9): p. 1885-1897.

Ow, S.Y,, et al., iTRAQ Underestimation in Simple and Complex Mixtures: “The Good, the Bad and
the Ugly”. Journal of Proteome Research, 2009. 8(11): p. 5347-5355.

Ting, L., et al., MS3 eliminates ratio distortion in isobaric multiplexed quantitative proteomics.
Nat Methods, 2011. 8(11): p. 937-40.

Virreira Winter, S., et al., EASI-tag enables accurate multiplexed and interference-free MS2-
based proteome quantification. Nature Methods, 2018. 15(7): p. 527-530.

Old, W.M., et al., Comparison of Label-free Methods for Quantifying Human Proteins by Shotgun
Proteomics*S. Molecular & Cellular Proteomics, 2005. 4(10): p. 1487-1502.

Rai, A.J., et al., HUPO Plasma Proteome Project specimen collection and handling: towards the
standardization of parameters for plasma proteome samples. Proteomics, 2005. 5(13): p. 3262-
77.

Luk, V.N. and A.R. Wheeler, A digital microfluidic approach to proteomic sample processing. Anal
Chem, 2009. 81(11): p. 4524-30.

Chelius, D. and P.V. Bondarenko, Quantitative Profiling of Proteins in Complex Mixtures Using
Liquid Chromatography and Mass Spectrometry. Journal of Proteome Research, 2002. 1(4): p.
317-323.

Kumar, A. and M. Snyder, Protein complexes take the bait. Nature, 2002. 415(6868): p. 123-124.
Fields, S. and O. Song, A novel genetic system to detect protein-protein interactions. Nature,
1989. 340(6230): p. 245-6.

Chien, C.T., et al., The two-hybrid system: a method to identify and clone genes for proteins that
interact with a protein of interest. Proc Natl Acad Sci US A, 1991. 88(21): p. 9578-82.

Michnick, S.W., et al., Detection of protein-protein interactions by protein fragment
complementation strategies. Methods Enzymol, 2000. 328: p. 208-30.

Barrios-Rodiles, M., et al., High-throughput mapping of a dynamic signaling network in
mammalian cells. Science, 2005. 307(5715): p. 1621-5.

Selvin, P.R., Fluorescence resonance energy transfer. Methods Enzymol, 1995. 246: p. 300-34.
Yugandhar, K., S. Gupta, and H. Yu, Inferring Protein-Protein Interaction Networks From Mass
Spectrometry-Based Proteomic Approaches: A Mini-Review. Computational and structural
biotechnology journal, 2019. 17: p. 805-811.

lacobucci, I., et al., From classical to new generation approaches: An excursus of -omics methods
for investigation of protein-protein interaction networks. Journal of Proteomics, 2021. 230: p.
103990.

159



124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Keilhauer, E.C., M.Y. Hein, and M. Mann, Accurate Protein Complex Retrieval by Affinity
Enrichment Mass Spectrometry (AE-MS) Rather than Affinity Purification Mass Spectrometry (AP-
MS). Molecular & Cellular Proteomics : MCP, 2015. 14(1): p. 120-135.

Gingras, A.C., et al., Analysis of protein complexes using mass spectrometry. Nat Rev Mol Cell
Biol, 2007. 8(8): p. 645-54.

Selbach, M. and M. Mann, Protein interaction screening by quantitative immunoprecipitation
combined with knockdown (QUICK). Nat Methods, 2006. 3(12): p. 981-3.

Malovannaya, A., et al., Analysis of the human endogenous coregulator complexome. Cell, 2011.
145(5): p. 787-99.

Dunham, W.H., M. Mullin, and A.-C. Gingras, Affinity-purification coupled to mass spectrometry:
Basic principles and strategies. PROTEOMICS, 2012. 12(10): p. 1576-1590.

Dekker, C., et al., The interaction network of the chaperonin CCT. Embo j, 2008. 27(13): p. 1827-
39.

Evan, G.l., et al., Isolation of monoclonal antibodies specific for human c-myc proto-oncogene
product. Mol Cell Biol, 1985. 5(12): p. 3610-6.

Hopp, T.P., et al., A Short Polypeptide Marker Sequence Useful for Recombinant Protein
Identification and Purification. Bio/Technology, 1988. 6(10): p. 1204-1210.

Field, J., et al., Purification of a RAS-responsive adenylyl cyclase complex from Saccharomyces
cerevisiae by use of an epitope addition method. Molecular and cellular biology, 1988. 8(5): p.
2159-2165.

Hochuli, E., et al., Genetic Approach to Facilitate Purification of Recombinant Proteins with a
Novel Metal Chelate Adsorbent. Bio/Technology, 1988. 6(11): p. 1321-1325.

Schmidt, T.G. and A. Skerra, The random peptide library-assisted engineering of a C-terminal
affinity peptide, useful for the detection and purification of a functional Ig Fv fragment. Protein
Eng, 1993. 6(1): p. 109-22.

Smith, D.B. and K.S. Johnson, Single-step purification of polypeptides expressed in Escherichia
coli as fusions with glutathione S-transferase. Gene, 1988. 67(1): p. 31-40.

Chalfie, M., et al., Green fluorescent protein as a marker for gene expression. Science, 1994.
263(5148): p. 802-5.

Uhlén, M., et al., Gene fusion vectors based on the gene for staphylococcal protein A. Gene,
1983. 23(3): p. 369-78.

Gingras, A.-C., et al., Analysis of protein complexes using mass spectrometry. Nature Reviews
Molecular Cell Biology, 2007. 8(8): p. 645-654.

Goel, A., et al., Relative position of the hexahistidine tag effects binding properties of a tumor-
associated single-chain Fv construct. Biochim Biophys Acta, 2000. 1523(1): p. 13-20.
Hofemeister, H., et al., Recombineering, transfection, Western, IP and ChIP methods for protein
tagging via gene targeting or BAC transgenesis. Methods, 2011. 53(4): p. 437-52.

Rumlova, M., et al., Comparison of classical and affinity purification techniques of Mason-Pfizer
monkey virus capsid protein: the alteration of the product by an affinity tag. Protein Expr Purif,
2001. 23(1): p. 75-83.

Sowa, M.E., et al., Defining the human deubiquitinating enzyme interaction landscape. Cell,
20009. 138(2): p. 389-403.

Goudreault, M., et al., A PP2A phosphatase high density interaction network identifies a novel
striatin-interacting phosphatase and kinase complex linked to the cerebral cavernous
malformation 3 (CCM3) protein. Mol Cell Proteomics, 2009. 8(1): p. 157-71.

Mak, A.B., et al., A lentiviral functional proteomics approach identifies chromatin remodeling
complexes important for the induction of pluripotency. Mol Cell Proteomics, 2010. 9(5): p. 811-
23.

160



145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

Sardiu, M.E., et al., Probabilistic assembly of human protein interaction networks from label-free
quantitative proteomics. Proc Natl Acad Sci U S A, 2008. 105(5): p. 1454-9.

Jansen, G., et al., Drag&Drop cloning in yeast. Gene, 2005. 344: p. 43-51.

Jeronimo, C., et al., Systematic analysis of the protein interaction network for the human
transcription machinery reveals the identity of the 7SK capping enzyme. Mol Cell, 2007. 27(2): p.
262-74.

Glatter, T., et al., An integrated workflow for charting the human interaction proteome: insights
into the PP2A system. Molecular Systems Biology, 2009. 5(1): p. 237.

Torres, J.Z., J.J. Miller, and P.K. Jackson, High-throughput generation of tagged stable cell lines
for proteomic analysis. Proteomics, 2009. 9(10): p. 2888-91.

Kittler, R., et al., RNA interference rescue by bacterial artificial chromosome transgenesis in
mammalian tissue culture cells. Proc Natl Acad Sci U S A, 2005. 102(7): p. 2396-401.

Hubner, N.C. and M. Mann, Extracting gene function from protein-protein interactions using
Quantitative BAC InteraCtomics (QUBIC). Methods, 2011. 53(4): p. 453-9.

Hein, Marco Y., et al., A Human Interactome in Three Quantitative Dimensions Organized by
Stoichiometries and Abundances. Cell, 2015. 163(3): p. 712-723.

Anzalone, A.V., et al., Search-and-replace genome editing without double-strand breaks or donor
DNA. Nature, 2019. 576(7785): p. 149-157.

Chen, G.., et al., PP4R4/KIAA1622 forms a novel stable cytosolic complex with phosphoprotein
phosphatase 4. ) Biol Chem, 2008. 283(43): p. 29273-84.

Strambio-de-Castillia, C., et al., A method for the rapid and efficient elution of native affinity-
purified protein A tagged complexes. ) Proteome Res, 2005. 4(6): p. 2250-6.

Cristea, I.M., et al., Fluorescent proteins as proteomic probes. Mol Cell Proteomics, 2005. 4(12):
p. 1933-41.

Oeffinger, M., et al., Comprehensive analysis of diverse ribonucleoprotein complexes. Nat
Methods, 2007. 4(11): p. 951-6.

Rigaut, G., et al., A generic protein purification method for protein complex characterization and
proteome exploration. Nat Biotechnol, 1999. 17(10): p. 1030-2.

Gavin, A.C., et al., Proteome survey reveals modularity of the yeast cell machinery. Nature, 2006.
440(7084): p. 631-6.

Krogan, N.J., et al., Global landscape of protein complexes in the yeast Saccharomyces cerevisiae.
Nature, 2006. 440: p. 637.

Gloeckner, C.J., et al., A novel tandem affinity purification strategy for the efficient isolation and
characterisation of native protein complexes. Proteomics, 2007. 7(23): p. 4228-34.
Blrckstimmer, T., et al., An efficient tandem affinity purification procedure for interaction
proteomics in mammalian cells. Nat Methods, 2006. 3(12): p. 1013-9.

Park, J., et al., The impact of cellular networks on disease comorbidity. Mol Syst Biol, 2009. 5: p.
262.

Behrends, C., et al., Network organization of the human autophagy system. Nature, 2010.
466(7302): p. 68-76.

Choi, H., et al., Analyzing protein-protein interactions from affinity purification-mass
spectrometry data with SAINT. Current protocols in bioinformatics, 2012. Chapter 8: p. Unit8.15-
Unit8.15.

Mellacheruvu, D., et al., The CRAPome: a contaminant repository for affinity purification—-mass
spectrometry data. Nature Methods, 2013. 10: p. 730.

Acuner Ozbabacan, S.E., et al., Transient protein—protein interactions. Protein Engineering,
Design and Selection, 2011. 24(9): p. 635-648.

161



168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

Kaake, R.M., X. Wang, and L. Huang, Profiling of protein interaction networks of protein
complexes using affinity purification and quantitative mass spectrometry. Mol Cell Proteomics,
2010. 9(8): p. 1650-65.

Agou, F. and M. Véron, In Vivo Protein Cross-Linking, in Protein-Protein Interactions: Methods
and Applications, C.L. Meyerkord and H. Fu, Editors. 2015, Springer New York: New York, NY. p.
391-405.

Tagwerker, C., et al., A tandem dffinity tag for two-step purification under fully denaturing
conditions: application in ubiquitin profiling and protein complex identification combined with in
vivocross-linking. Mol Cell Proteomics, 2006. 5(4): p. 737-48.

Guerrero, C., et al., An integrated mass spectrometry-based proteomic approach: quantitative
analysis of tandem affinity-purified in vivo cross-linked protein complexes (QTAX) to decipher the
26 S proteasome-interacting network. Mol Cell Proteomics, 2006. 5(2): p. 366-78.

Vasilescu, J., X. Guo, and J. Kast, Identification of protein-protein interactions using in vivo cross-
linking and mass spectrometry. Proteomics, 2004. 4(12): p. 3845-54.

Suchanek, M., A. Radzikowska, and C. Thiele, Photo-leucine and photo-methionine allow
identification of protein-protein interactions in living cells. Nat Methods, 2005. 2(4): p. 261-7.
Meunier, L., et al., A subset of chaperones and folding enzymes form multiprotein complexes in
endoplasmic reticulum to bind nascent proteins. Molecular biology of the cell, 2002. 13(12): p.
4456-4469.

Wong, S.S. and L.-J.C. Wong, Chemical crosslinking and the stabilization of proteins and enzymes.
Enzyme and Microbial Technology, 1992. 14(11): p. 866-874.

Fux, A., et al., Chemical Cross-Linking Enables Drafting ClpXP Proximity Maps and Taking
Snapshots of In Situ Interaction Networks. Cell Chemical Biology, 2019. 26(1): p. 48-59.e7.

Roux, K.J., et al., A promiscuous biotin ligase fusion protein identifies proximal and interacting
proteins in mammalian cells. J Cell Biol, 2012. 196(6): p. 801-10.

Hung, V., et al., Proteomic Mapping of the Human Mitochondrial Intermembrane Space in Live
Cells via Ratiometric APEX Tagging. Molecular Cell, 2014. 55(2): p. 332-341.

Rees, J.S., et al., Selective Proteomic Proximity Labeling Assay Using Tyramide (SPPLAT): A
Quantitative Method for the Proteomic Analysis of Localized Membrane-Bound Protein Clusters.
Current Protocols in Protein Science, 2017. 88(1): p. 19.27.1-19.27.18.

Honke, K. and N. Kotani, Identification of Cell-Surface Molecular Interactions under Living
Conditions by Using the Enzyme-Mediated Activation of Radical Sources (EMARS) Method.
Sensors, 2012. 12(12).

Geri, J.B., et al., Microenvironment mapping via Dexter energy transfer on immune cells. Science,
2020. 367(6482): p. 1091-1097.

Li, P., et al., Proximity Labeling of Interacting Proteins: Application of BiolD as a Discovery Tool.
PROTEOMICS, 2017. 17(20): p. 1700002.

Savitski, M.F. and M.M. Savitski, Unbiased detection of posttranslational modifications using
mass spectrometry. Methods Mol Biol, 2010. 673: p. 203-10.

Tarrant, M.K. and P.A. Cole, The chemical biology of protein phosphorylation. Annu Rev
Biochem, 2009. 78: p. 797-825.

Salazar, C. and T. Hofer, Multisite protein phosphorylation--from molecular mechanisms to
kinetic models. Febs j, 2009. 276(12): p. 3177-98.

Moura, M. and C. Conde, Phosphatases in Mitosis: Roles and Regulation. Biomolecules, 2019.
9(2).

Carpy, A,, et al., Absolute proteome and phosphoproteome dynamics during the cell cycle of
Schizosaccharomyces pombe (Fission Yeast). Mol Cell Proteomics, 2014. 13(8): p. 1925-36.

162



188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.
199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

2009.

Ptacek, J., et al., Global analysis of protein phosphorylation in yeast. Nature, 2005. 438(7068): p.
679-84.

Blume-Jensen, P. and T. Hunter, Oncogenic kinase signalling. Nature, 2001. 411(6835): p. 355-
65.

Cohen, P., The role of protein phosphorylation in human health and disease. The Sir Hans Krebs
Medal Lecture. Eur ) Biochem, 2001. 268(19): p. 5001-10.

Cohen, P., Protein kinases--the major drug targets of the twenty-first century? Nat Rev Drug
Discov, 2002. 1(4): p. 309-15.

Olow, A., et al., An Atlas of the Human Kinome Reveals the Mutational Landscape Underlying
Dysregulated Phosphorylation Cascades in Cancer. Cancer Res, 2016. 76(7): p. 1733-45.

Bhullar, K.S., et al., Kinase-targeted cancer therapies: progress, challenges and future directions.
Mol Cancer, 2018. 17(1): p. 48.

Olsen, J.V,, et al., Global, in vivo, and site-specific phosphorylation dynamics in signaling
networks. Cell, 2006. 127(3): p. 635-48.

Besant, P.G. and P.V. Attwood, Mammalian histidine kinases. Biochim Biophys Acta, 2005.
1754(1-2): p. 281-90.

Fuhs, S.R., et al., Monoclonal 1- and 3-Phosphohistidine Antibodies: New Tools to Study Histidine
Phosphorylation. Cell, 2015. 162(1): p. 198-210.

Hardman, G., et al., Strong anion exchange-mediated phosphoproteomics reveals extensive
human non-canonical phosphorylation. Embo j, 2019. 38(21): p. e100847.

Needham, E.J., et al., llluminating the dark phosphoproteome. Sci Signal, 2019. 12(565).
Humphrey, S.J., S.B. Azimifar, and M. Mann, High-throughput phosphoproteomics reveals in vivo
insulin signaling dynamics. Nature Biotechnology, 2015. 33: p. 990.

Bekker-Jensen, D.B., et al., Rapid and site-specific deep phosphoproteome profiling by data-
independent acquisition without the need for spectral libraries. Nat Commun, 2020. 11(1): p.
787.

Gaberc-Porekar, V. and V. Menart, Perspectives of immobilized-metal affinity chromatography. )
Biochem Biophys Methods, 2001. 49(1-3): p. 335-60.

Thingholm, T.E. and M.R. Larsen, The use of titanium dioxide micro-columns to selectively isolate
phosphopeptides from proteolytic digests. Methods Mol Biol, 2009. 527: p. 57-66, xi.
Thingholm, T.E., et al., Highly selective enrichment of phosphorylated peptides using titanium
dioxide. Nat Protoc, 2006. 1(4): p. 1929-35.

Larsen, M.R., et al., Highly selective enrichment of phosphorylated peptides from peptide
mixtures using titanium dioxide microcolumns. Mol Cell Proteomics, 2005. 4(7): p. 873-86.
Pinkse, M.W.,, et al., Selective isolation at the femtomole level of phosphopeptides from
proteolytic digests using 2D-NanolLC-ESI-MS/MS and titanium oxide precolumns. Anal Chem,
2004. 76(14): p. 3935-43.

Aryal, U.K., D.J. Olson, and A.R. Ross, Optimization of immobilized gallium (11) ion affinity
chromatography for selective binding and recovery of phosphopeptides from protein digests. )
Biomol Tech, 2008. 19(5): p. 296-310.

Gates, M.B., K.B. Tomer, and L.J. Deterding, Comparison of metal and metal oxide media for
phosphopeptide enrichment prior to mass spectrometric analyses. J Am Soc Mass Spectrom,
2010. 21(10): p. 1649-59.

Pandey, A, et al., Analysis of receptor signaling pathways by mass spectrometry: identification
of vav-2 as a substrate of the epidermal and platelet-derived growth factor receptors. Proc Natl
Acad Sci U S A, 2000. 97(1): p. 179-84.

Haas, A.L,, et al., Interferon induces a 15-kilodalton protein exhibiting marked homology to
ubiquitin. Journal of Biological Chemistry, 1987. 262(23): p. 11315-11323.

163



210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

Perng, Y.C. and D.J. Lenschow, ISG15 in antiviral immunity and beyond. Nat Rev Microbiol, 2018.
16(7): p. 423-439.

Pitha-Rowe, I., et al., Retinoid target genes in acute promyelocytic leukemia. Leukemia, 2003.
17(9): p. 1723-30.

Kim, K.I., et al., Enhanced antibacterial potential in UBP43-deficient mice against Salmonella
typhimurium infection by up-regulating type I IFN signaling. ) Immunol, 2005. 175(2): p. 847-54.
Jeon, Y.J., J.H. Park, and C.H. Chung, Interferon-Stimulated Gene 15 in the Control of Cellular
Responses to Genotoxic Stress. Mol Cells, 2017. 40(2): p. 83-89.

Loeb, K.R. and A.L. Haas, The interferon-inducible 15-kDa ubiquitin homolog conjugates to
intracellular proteins. 1992. 267(11): p. 7806-13.

Skaug, B. and Z.J. Chen, Emerging role of ISG15 in antiviral immunity. Cell, 2010. 143(2): p. 187-
90.

Shi, H.X., et al., Positive regulation of interferon regulatory factor 3 activation by Herc5 via ISG15
maodification. Mol Cell Biol, 2010. 30(10): p. 2424-36.

Sanyal, S., et al., Type | interferon imposes a TSG101/ISG15 checkpoint at the Golgi for
glycoprotein trafficking during influenza virus infection. Cell Host Microbe, 2013. 14(5): p. 510-
21.

dos Santos, P.F. and D.S. Mansur, Beyond ISGlylation: Functions of Free Intracellular and
Extracellular ISG15. Journal of Interferon & Cytokine Research, 2017. 37(6): p. 246-253.
Werneke, S.W., et al., ISG15 is critical in the control of Chikungunya virus infection independent
of UbE1L mediated conjugation. PLoS Pathog, 2011. 7(10): p. e1002322.

Bogunovic, D., et al., Mycobacterial Disease and Impaired IFN-y Immunity in Humans with
Inherited ISG15 Deficiency. Science, 2012. 337(6102): p. 1684.

Swaim, C.D., et al., Extracellular ISG15 Signals Cytokine Secretion through the LFA-1 Integrin
Receptor. Mol Cell, 2017. 68(3): p. 581-590.e5.

D'Cunha, J., et al., In vitro and in vivo secretion of human ISG15, an IFN-induced
immunomodulatory cytokine. ) Immunol, 1996. 157(9): p. 4100-8.

Zhang, D. and D.-E. Zhang, Interferon-stimulated gene 15 and the protein ISGylation system.
Journal of interferon & cytokine research : the official journal of the International Society for
Interferon and Cytokine Research, 2011. 31(1): p. 119-130.

Wagner, S.A., et al., A proteome-wide, quantitative survey of in vivo ubiquitylation sites reveals
widespread regulatory roles. Molecular & cellular proteomics : MCP, 2011. 10(10): p.
M111.013284-M111.013284.

Elia, A.E., et al., Quantitative Proteomic Atlas of Ubiquitination and Acetylation in the DNA
Damage Response. Mol Cell, 2015. 59(5): p. 867-81.

Rose, C.M., et al., Highly Multiplexed Quantitative Mass Spectrometry Analysis of Ubiquitylomes.
Cell Syst, 2016. 3(4): p. 395-403.e4.

Kim, W., et al., Systematic and quantitative assessment of the ubiquitin-modified proteome.
Molecular cell, 2011. 44(2): p. 325-340.

Giannakopoulos, N.V., et al., Proteomic identification of proteins conjugated to ISG15 in mouse
and human cells. Biochem Biophys Res Commun, 2005. 336(2): p. 496-506.

Zhao, C., et al., Human ISG15 conjugation targets both IFN-induced and constitutively expressed
proteins functioning in diverse cellular pathways. Proc Natl Acad Sci U S A, 2005. 102(29): p.
10200-5.

Wong, J.J., et al., HERC5 is an IFN-induced HECT-type E3 protein ligase that mediates type | IFN-
induced ISGylation of protein targets. Proc Natl Acad Sci U S A, 2006. 103(28): p. 10735-40.
Zhang, Y., et al., The in vivo ISGylome links ISG15 to metabolic pathways and autophagy upon
Listeria monocytogenes infection. Nature Communications, 2019. 10(1): p. 5383.

164



232.

233.

234,

235.

236.

237.

238.

239.

240.

241.

242.

243,

244,

245.

246.

247.

248.

249,

250.

251.

252.

253.

Canbay, V. and U. auf dem Keller, New strategies to identify protease substrates. Current
Opinion in Chemical Biology, 2021. 60: p. 89-96.

Rawlings, N.D., et al., The MEROPS database of proteolytic enzymes, their substrates and
inhibitors in 2017 and a comparison with peptidases in the PANTHER database. Nucleic Acids
Research, 2018. 46(D1): p. D624-D632.

Turk, B., D. Turk, and V. Turk, Protease signalling: the cutting edge. The EMBO Journal, 2012.
31(7): p. 1630-1643.

Bhagwat, S.R., K. Hajela, and A. Kumar, Proteolysis to Identify Protease Substrates: Cleave to
Decipher. PROTEOMICS, 2018. 18(13): p. 1800011.

Pérez-Silva, J.G., et al., The Degradome database: expanding roles of mammalian proteases in
life and disease. Nucleic Acids Res, 2016. 44(D1): p. D351-5.

Death, A.K., et al., High glucose alters matrix metalloproteinase expression in two key vascular
cells: potential impact on atherosclerosis in diabetes. Atherosclerosis, 2003. 168(2): p. 263-9.
Markmann, A., et al., Down-regulation of calpain 9 is linked to hypertensive heart and kidney
disease. Cell Physiol Biochem, 2005. 15(1-4): p. 109-16.

Talanian, R.V,, et al., Substrate specificities of caspase family proteases. ) Biol Chem, 1997.
272(15): p. 9677-82.

Mahrus, S., et al., Global sequencing of proteolytic cleavage sites in apoptosis by specific labeling
of protein N termini. Cell, 2008. 134(5): p. 866-76.

Gevaert, K., et al., Exploring proteomes and analyzing protein processing by mass spectrometric
identification of sorted N-terminal peptides. Nat Biotechnol, 2003. 21(5): p. 566-9.

Yoshihara, H.A.l,, S. Mahrus, and J.A. Wells, Tags for labeling protein N-termini with subtiligase
for proteomics. Bioorganic & Medicinal Chemistry Letters, 2008. 18(22): p. 6000-6003.

Weeks, A.M. and J.A. Wells, N-Terminal Modification of Proteins with Subtiligase Specificity
Variants. Current Protocols in Chemical Biology, 2020. 12(1): p. €79.

Griswold, A.R., et al., A Chemical Strategy for Protease Substrate Profiling. Cell Chemical Biology,
2019. 26(6): p. 901-907.e6.

Shin, S., et al., Development of Multiplexed Immuno-N-Terminomics to Reveal the Landscape of
Proteolytic Processing in Early Embryogenesis of Drosophila melanogaster. Analytical Chemistry,
2020. 92(7): p. 4926-4934.

Rogers, L.D. and C.M. Overall, Proteolytic Post-translational Modification of Proteins: Proteomic
Tools and Methodology*. Molecular & Cellular Proteomics, 2013. 12(12): p. 3532-3542.
Ponting, C.P., et al., Identification of a novel family of presenilin homologues. Human Molecular
Genetics, 2002. 11(9): p. 1037-1044.

Grigorenko, A.P., et al., Novel Class of Polytopic Proteins with Domains Associated with Putative
Protease Activity. Biochemistry (Moscow), 2002. 67(7): p. 826-834.

Weihofen, A,, et al., Identification of Signal Peptide Peptidase, a Presenilin-Type Aspartic
Protease. Science, 2002. 296(5576): p. 2215.

Fluhrer, R., et al., A y-secretase-like intramembrane cleavage of TNFa by the GxGD aspartyl!
protease SPPL2b. Nature Cell Biology, 2006. 8(8): p. 894-896.

Friedmann, E., et al., SPPL2a and SPPL2b promote intramembrane proteolysis of TNFa in
activated dendritic cells to trigger IL-12 production. Nature Cell Biology, 2006. 8(8): p. 843-848.
Fluhrer, R., H. Steiner, and C. Haass, Intramembrane Proteolysis by Signal Peptide Peptidases: A
Comparative Discussion of GXGD-type Aspartyl Proteases*. Journal of Biological Chemistry,
2009. 284(21): p. 13975-13979.

Friedmann, E., et al., Consensus analysis of signal peptide peptidase and homologous human
aspartic proteases reveals opposite topology of catalytic domains compared with presenilins. )
Biol Chem, 2004. 279(49): p. 50790-8.

165



254,

255.

256.

257.

258.

259.

260.

261.

262.
263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

Friedmann, E., et al., SPPL2a and SPPL2b promote intramembrane proteolysis of TNFalpha in
activated dendritic cells to trigger IL-12 production. Nat Cell Biol, 2006. 8(8): p. 843-8.

Behnke, J., et al., Signal-peptide-peptidase-like 2a (SPPL2a) is targeted to lysosomes/late
endosomes by a tyrosine motif in its C-terminal tail. FEBS Lett, 2011. 585(19): p. 2951-7.
Niemeyer, J., et al., The intramembrane protease SPPL2c promotes male germ cell development
by cleaving phospholamban. EMBO Rep, 2019. 20(3).

Weihofen, A, et al., Release of signal peptide fragments into the cytosol requires cleavage in the
transmembrane region by a protease activity that is specifically blocked by a novel cysteine
protease inhibitor. (0021-9258 (Print)).

Bergmann, H., et al., B cell survival, surface BCR and BAFFR expression, CD74 metabolism, and
CD8- dendritic cells require the intramembrane endopeptidase SPPL2A. Journal of Experimental
Medicine, 2012. 210(1): p. 31-40.

Beisner, D.R,, et al., The intramembrane protease Sppl2a is required for B cell and DC
development and survival via cleavage of the invariant chain. Journal of Experimental Medicine,
2012. 210(1): p. 23-30.

Lumangtad, L.A. and T.W. Bell, The signal peptide as a new target for drug design. Bioorganic &
medicinal chemistry letters, 2020. 30(10): p. 127115-127115.

Voorhees, R.M. and R.S. Hegde, Structure of the Sec61 channel opened by a signal sequence.
Science, 2016. 351(6268): p. 88-91.

von Heijne, G., Signal sequences. The limits of variation. J Mol Biol, 1985. 184(1): p. 99-105.
Symoens, S., et al., COL5A1 signal peptide mutations interfere with protein secretion and cause
classic Ehlers-Danlos syndrome. Hum Mutat, 2009. 30(2): p. E395-403.

Seppen, J., et al., A mutation which disrupts the hydrophobic core of the signal peptide of
bilirubin UDP-glucuronosyltransferase, an endoplasmic reticulum membrane protein, causes
Crigler-Najjar type Il. FEBS Lett, 1996. 390(3): p. 294-8.

Bafunno, V., et al., Mutational spectrum of the c1 inhibitor gene in a cohort of Italian patients
with hereditary angioedema: description of nine novel mutations. Ann Hum Genet, 2014. 78(2):
p. 73-82.

Laurila, K. and M. Vihinen, Prediction of disease-related mutations affecting protein localization.
BMC Genomics, 2009. 10: p. 122.

Levine, C.G., et al., The efficiency of protein compartmentalization into the secretory pathway.
Mol Biol Cell, 2005. 16(1): p. 279-91.

Kang, S.W., et al., Substrate-specific translocational attenuation during ER stress defines a pre-
emptive quality control pathway. Cell, 2006. 127(5): p. 999-1013.

Piersma, D., et al., A common polymorphism renders the luteinizing hormone receptor protein
more active by improving signal peptide function and predicts adverse outcome in breast cancer
patients. ) Clin Endocrinol Metab, 2006. 91(4): p. 1470-6.

Nielsen, H., et al., A Brief History of Protein Sorting Prediction. The protein journal, 2019. 38(3):
p. 200-216.

Ladunga, |., et al., Improving signal peptide prediction accuracy by simulated neural network.
Comput Appl Biosci, 1991. 7(4): p. 485-7.

Nielsen, H., et al., Identification of prokaryotic and eukaryotic signal peptides and prediction of
their cleavage sites. Protein Eng, 1997. 10(1): p. 1-6.

Nielsen, H. and A. Krogh, Prediction of signal peptides and signal anchors by a hidden Markov
model. Proc Int Conf Intell Syst Mol Biol, 1998. 6: p. 122-30.

Vert, J.P., Support vector machine prediction of signal peptide cleavage site using a new class of
kernels for strings. Pac Symp Biocomput, 2002: p. 649-60.

166



275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294,

295.

296.

297.

Almagro Armenteros, J.J., et al., SignalP 5.0 improves signal peptide predictions using deep
neural networks. Nat Biotechnol, 2019. 37(4): p. 420-423.

Choo, K.H., T.W. Tan, and S. Ranganathan, A comprehensive assessment of N-terminal signal
peptides prediction methods. BMC Bioinformatics, 2009. 10(15): p. S2.

Petersen, T.N., et al., SignalP 4.0: discriminating signal peptides from transmembrane regions.
Nature Methods, 2011. 8(10): p. 785-786.

Stastna, M. and J.E. Van Eyk, Secreted proteins as a fundamental source for biomarker discovery.
Proteomics, 2012. 12(4-5): p. 722-35.

Farhan, H. and C. Rabouille, Signalling to and from the secretory pathway. ) Cell Sci, 2011. 124(Pt
2): p. 171-80.

Meissner, F., et al., Direct proteomic quantification of the secretome of activated immune cells.
Science, 2013. 340(6131): p. 475-8.

Robinson, M.W. and B. Connolly, Proteomic analysis of the excretory-secretory proteins of the
Trichinella spiralis L1 larva, a nematode parasite of skeletal muscle. Proteomics, 2005. 5(17): p.
4525-32.

Obenauf, A.C., et al., Therapy-induced tumour secretomes promote resistance and tumour
progression. Nature, 2015. 520(7547): p. 368-72.

Rieckmann, J.C,, et al., Social network architecture of human immune cells unveiled by
quantitative proteomics. Nature Immunology, 2017. 18: p. 583.

Roca-Rivada, A., et al., CILAIR-Based Secretome Analysis of Obese Visceral and Subcutaneous
Adipose Tissues Reveals Distinctive ECM Remodeling and Inflammation Mediators. Sci Rep, 2015.
5:p. 12214,

Cox, T.R., et al., The hypoxic cancer secretome induces pre-metastatic bone lesions through lysyl
oxidase. Nature, 2015. 522(7554): p. 106-110.

Blanco, M.A,, et al., Global secretome analysis identifies novel mediators of bone metastasis. Cell
Res, 2012. 22(9): p. 1339-55.

Jin, L., et al., Differential secretome analysis reveals CST6 as a suppressor of breast cancer bone
metastasis. Cell Res, 2012. 22(9): p. 1356-73.

Kaur, A., et al., sSFRP2 in the aged microenvironment drives melanoma metastasis and therapy
resistance. Nature, 2016. 532(7598): p. 250-4.

Mukherjee, P. and S. Mani, Methodologies to decipher the cell secretome. Biochim Biophys Acta,
2013. 1834(11): p. 2226-32.

Ranganath, S.H., et al., Harnessing the mesenchymal stem cell secretome for the treatment of
cardiovascular disease. Cell Stem Cell, 2012. 10(3): p. 244-58.

Barcena, C., et al., Angiogenin secretion from hepatoma cells activates hepatic stellate cells to
amplify a self-sustained cycle promoting liver cancer. Sci Rep, 2015. 5: p. 7916.

Weng, Y., et al., In-Depth Proteomic Quantification of Cell Secretome in Serum-Containing
Conditioned Medium. Anal Chem, 2016. 88(9): p. 4971-8.

Eichelbaum, K., et al., Selective enrichment of newly synthesized proteins for quantitative
secretome analysis. Nat Biotechnol, 2012. 30(10): p. 984-90.

Frauenstein, A. and F. Meissner, Quantitative Proteomics of Secreted Proteins. Methods Mol
Biol, 2018. 1714: p. 215-227.

Akira, S., S. Uematsu, and O. Takeuchi, Pathogen recognition and innate immunity. Cell, 2006.
124(4): p. 783-801.

Janeway, C.A., Jr. and R. Medzhitov, Innate immune recognition. Annu Rev Immunol, 2002. 20: p.
197-216.

Celhar, T., R. Magalhaes, and A.M. Fairhurst, TLR7 and TLR9 in SLE: when sensing self goes
wrong. Immunol Res, 2012. 53(1-3): p. 58-77.

167



298.

299.
300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

Kawai, T. and S. Akira, The role of pattern-recognition receptors in innate immunity: update on
Toll-like receptors. Nat Immunol, 2010. 11(5): p. 373-84.

Satoh, T. and S. Akira, Toll-Like Receptor Signaling and Its Inducible Proteins. 2016. 4(6).

Vogl, T., et al., Mrp8 and Mrp14 are endogenous activators of Toll-like receptor 4, promoting
lethal, endotoxin-induced shock. Nat Med, 2007. 13(9): p. 1042-9.

Pouliot, P., et al., Myeloid-related proteins rapidly modulate macrophage nitric oxide production
during innate immune response. ) Immunol, 2008. 181(5): p. 3595-601.

Suganami, T., et al., Attenuation of obesity-induced adipose tissue inflammation in C3H/HeJ mice
carrying a Toll-like receptor 4 mutation. Biochem Biophys Res Commun, 2007. 354(1): p. 45-9.
Suganami, T., et al., Role of the Toll-like receptor 4/NF-kappaB pathway in saturated fatty acid-
induced inflammatory changes in the interaction between adipocytes and macrophages.
Arterioscler Thromb Vasc Biol, 2007. 27(1): p. 84-91.

Zanoni, |, et al., CD14 controls the LPS-induced endocytosis of Toll-like receptor 4. Cell, 2011.
147(4): p. 868-80.

Lin, S.C., Y.C. Lo, and H. Wu, Helical assembly in the MyD88-IRAK4-IRAK2 complex in TLR/IL-1R
signalling. Nature, 2010. 465(7300): p. 885-90.

Kollewe, C., et al., Sequential autophosphorylation steps in the interleukin-1 receptor-associated
kinase-1 regulate its availability as an adapter in interleukin-1 signaling. ) Biol Chem, 2004.
279(7): p. 5227-36.

Jiang, Z., et al., Interleukin-1 (IL-1) receptor-associated kinase-dependent IL-1-induced signaling
complexes phosphorylate TAK1 and TAB2 at the plasma membrane and activate TAK1 in the
cytosol. Mol Cell Biol, 2002. 22(20): p. 7158-67.

Ajibade, A.A,, H.Y. Wang, and R.F. Wang, Cell type-specific function of TAK1 in innate immune
signaling. Trends Immunol, 2013. 34(7): p. 307-16.

Chen, Z.J., Ubiquitination in signaling to and activation of IKK. Immunol Rev, 2012. 246(1): p. 95-
106.

Frauenstein, A., et al., Identification of covalent modifications requlating immune signaling
complex composition and phenotype. Mol Syst Biol, 2021. 17(7): p. e10125.

Blobel G Fau - Dobberstein, B. and B. Dobberstein, Transfer of proteins across membranes. |.
Presence of proteolytically processed and unprocessed nascent immunoglobulin light chains on
membrane-bound ribosomes of murine myeloma. (0021-9525 (Print)).

Kim, S.J., et al., Signal Sequences Control Gating of the Protein Translocation Channel in a
Substrate-Specific Manner. Developmental Cell, 2002. 2(2): p. 207-217.

Zhang, W.-X., X. Pan, and H.-B. Shen, Signal-3L 3.0: Improving Signal Peptide Prediction through
Combining Attention Deep Learning with Window-Based Scoring. Journal of Chemical
Information and Modeling, 2020. 60(7): p. 3679-3686.

Zhang, Z. and W.J. Henzel, Signal peptide prediction based on analysis of experimentally verified
cleavage sites. Protein science : a publication of the Protein Society, 2004. 13(10): p. 2819-2824.
Schechter, ., Partial amino acid sequence of the precursor of immunoglobulin light chain
programmed by messenger RNA in vitro. Science, 1975. 188(4184): p. 160-2.

Ying, H. and H. Liu, Identification of an alternative signal peptide cleavage site of mouse
monoclonal antibodies by mass spectrometry. Immunol Lett, 2007. 111(1): p. 66-8.

Huesgen, P.F. and C.M. Overall, N- and C-terminal degradomics: new approaches to reveal
biological roles for plant proteases from substrate identification. Physiol Plant, 2012. 145(1): p.
5-17.

Hartmann, E.M. and J. Armengaud, N-terminomics and proteogenomics, getting off to a good
start. Proteomics, 2014. 14(23-24): p. 2637-46.

168



319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

331.

Van Damme, P., et al., N-terminal proteomics and ribosome profiling provide a comprehensive
view of the alternative translation initiation landscape in mice and men. Molecular & cellular
proteomics : MCP, 2014. 13(5): p. 1245-1261.

Eckhard, U., et al., The Human Dental Pulp Proteome and N-Terminome: Levering the Unexplored
Potential of Semitryptic Peptides Enriched by TAILS to Identify Missing Proteins in the Human
Proteome Project in Underexplored Tissues. Journal of Proteome Research, 2015. 14(9): p. 3568-
3582.

Jain, R.G,, S.L. Rusch, and D.A. Kendall, Signal peptide cleavage regions. Functional limits on
length and topological implications. ) Biol Chem, 1994. 269(23): p. 16305-10.

Cox, J., et al., Accurate proteome-wide label-free quantification by delayed normalization and
maximal peptide ratio extraction, termed MaxLFQ. Molecular & cellular proteomics : MCP, 2014.
13(9): p. 2513-2526.

Chou, M.M. and D.A. Kendall, Polymeric sequences reveal a functional interrelationship between
hydrophobicity and length of signal peptides. ) Biol Chem, 1990. 265(5): p. 2873-80.

Nilsson, 1., P. Whitley, and G. von Heijne, The COOH-terminal ends of internal signal and signal-
anchor sequences are positioned differently in the ER translocase. J Cell Biol, 1994. 126(5): p.
1127-32.

Tyanova, S., et al., The Perseus computational platform for comprehensive analysis of
(prote)omics data. Nat Meth, 2016. 13(9): p. 731-740.

Tanzer, M.C,, et al., Quantitative and Dynamic Catalogs of Proteins Released during Apoptotic
and Necroptotic Cell Death. Cell Rep, 2020. 30(4): p. 1260-1270.€5.

Brunner, J.S., et al., Environmental arginine controls multinuclear giant cell metabolism and
formation. Nature Communications, 2020. 11(1): p. 431.

Holding, A.N., XL-MS: Protein cross-linking coupled with mass spectrometry. Methods, 2015. 89:
p. 54-63.

Liu, F., et al., Proteome-wide profiling of protein assemblies by cross-linking mass spectrometry.
Nature Methods, 2015. 12(12): p. 1179-1184.

Bache, N., et al., A novel LC system embeds analytes in pre-formed gradients for rapid, ultra-
robust proteomics. Molecular &amp;amp; Cellular Proteomics, 2018: p. mcp.TIR118.000853.
Hogrebe, A., et al., Benchmarking common quantification strategies for large-scale
phosphoproteomics. Nature Communications, 2018. 9(1): p. 1045.

169



7 Acknowledgement

I would like to thank those who supported me and contributed to this work:

Matthias Mann for patience, advice, support, and inspiration. Great lab retreats, and happy hours.
Felix Meissner for mentoring, freedom to experiment, patience, and support.

Meera Phulphagar, Franziska Bruening and Maria Tanzer for friendship and support, and inspiration.

Sen Office (Daniel Hornburg, Jan Rieckmann, Jonathan Swietlik, Stefan Ebner, Jingyuan Cheng) for
friendship, fun work atmosphere, support and great discussions.

Korbinian Mayr, Igor Paron, Mario Oroshi and Gaby Sowa for mass spec and technical support.
Alison Dalfovo, Theresa Schneider and Ute Sackers for administrative support.

Mann Lab for a great atmosphere with many inspiring characters.

IMPRS coordination office for support and organization of many PhD retreats, seminars, and BBQs.

My family for unconditional support.

170



8 Addendum

This article was published in the Trillium Immunologie Heft 1/2020 Kardiovaskuldre Immunologie.

Makrophagen: Am Anfang war die Fresszelle

Annika Frauenstein & Felix Meissner

Makrophagen sind Zellen mit aulerordentlich vielfdltigen Funktionen im Organismus. Neben
hochspezialisierten Aufgaben, wie der Immunantwort gegeniiber Pathogenen, erfiillen sie auch
generische Aufgaben bei der Gewebeentwicklung und -homdostase. In diesem Artikel stellen wir
aktuelle Trends in der Makrophagenforschung vor. Wir diskutieren, wie das phianotypische
Spektrum von Gewebemakrophagen durch den ontogenetischen Ursprung und die Integration
raumlicher und zeitlicher Impulse bestimmt wird, wie akzessorische Makrophagenfunktionen zu
Pathologien wie Krebs und Atherosklerose beitragen, und wie innovative hochauflosende
Technologien zur Aufklarung der komplexen Makrophagenbiologie beitragen konnen.

Schliisselworter: Makrophage, Fresszelle
Es war einmal eine Fresszelle
Der Vater der zelluldren Immunologie, Ilya Metchnikoff, entdeckte Makrophagen im spéten

neunzehnten Jahrhundert, und nannte sie aufgrund ihrer phagozytotischen Natur
,Riesenfresszelle* (griechisch: paxpdg grol3, payeiv essen, Abb. 1).
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Abb. 1: Rasterelektronenmikroskopische Aufnahme von Makrophagen (von Volker Brinkmann).

Mittels Intravitalmikroskopie gelang es ihm, Makrophagenschwirme in Seesternlarven und
infizierten Wasserflohen zu visualisieren. Er antizipierte bereits ihre Bedeutung fiir das
Immunsystem als wichtige Immuneffektoren —zustidndig fiir Pathogenbeseitigung und
Wundheilung [1]. Seitdem wurden viele weitere Funktionen von Makrophagen beobachtet, wie
z. B. das Entfernen apoptotischer Zellen und die Remodellierung der extrazelluliren Matrix. In
den letzten Jahren sind nun iiberraschende neue Aspekte iiber die Biologie und Funktion von
Makrophagen im systemischen Stoffwechsel, der Gewebehomdostase und -entwicklung entdeckt
worden [2, 3].
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In diesem Artikel schildern wir die wandelnde Sicht auf die Funktion von Makrophagen im
historischen Kontext. Wir diskutieren spannende aktuelle Trends in der Makrophagenforschung,
und wie neue und hochauflosende Techniken zu deren Aufkldrung beitragen konnen.

Wachposten im Gewebe

Makrophagen wird schon sehr lange eine wichtige Rolle bei der Gewebeliberwachung
nachgesagt. Fiir die Detektion sowohl von mikrobiellen Produkten (MAMPs — Mikroben-
assoziierte molekulare Muster) als auch von ,,Gefahrensignalen® des Wirts, die auf
Veranderungen der Homdostase hindeuten (DAMPs — Gefahr-assoziierte molekulare
Strukturen), sind Makrophagen mit keimbahnkodierten Mustererkennungsrezeptoren (PRRs)
ausgestattet. Janeway schlug vor, dass diese PRRs fiir die Initiierung der adaptiven Immunitét
wichtig sind [4]. Wegweisende Arbeiten von Lemaitre und Hoffmann fithrten dann zur
Identifizierung der ersten PRRs in Fliegen, die ohne funktionelles Toll-Protein anfallig fiir
Pilzinfektionen waren [5]. Seitdem wurden viele oberflichliche und zytosolische PRRs in
Saugetierzellen identifiziert, die unterschiedlichste molekulare Strukturen und homdostatische
Verdnderungen erkennen [6]. Die Entdeckung eines makromolekularen Komplexes von
Tschopp, ,,Inflammasom* getauft, der entziindliche Immunpathologie auslosen kann, leitete
spater eine Renaissance der Forschungsgebiete der angeborenen Immunitét und des Zelltods ein
[7, 8]. Insbesondere der PRR Nlrp3 stellte sich als Schliisselsignalweg fiir die Detektion steriler
Entziindung und metabolischen Stresses heraus. Nun wird dieser Signalweg nicht nur mit vielen
chronisch entziindlichen und metabolischen Erkrankungen in Zusammenhang gebracht [9],
sondern hat auch das Interesse an der Entwicklung von Therapeutika zur Behandlung diverser
entziindlicher Erkrankungen geweckt [10]. Neben PRRs nutzen Makrophagen eine Vielzahl
anderer Rezeptoren und Signalwege, um Verdnderungen von z. B. Nihrstoff-, Metabolit-,
Sauerstoffbedingungen und der Gewebemikroumgebung zu detektieren [11-13]. Die
Komplexitit des sensorischen Systems von Makrophagen ist bis jetzt noch nicht umfassend
aufgeklart und ein spannendes Gebiet aktiver Forschung.

Makrophagen-Polarisation

Makrophagen produzieren sowohl antimikrobielle reaktive Sauerstoff- und Stickstoffspezies, um
Krankheitserreger zu bekdmpfen, als auch interzelluldre Botenstoffe, um angeborene und
adaptive Immunantworten, bzw. den Umbau und die Reparatur von Gewebe zu koordinieren
[14]. Ein dichotomes Konzept der Makrophagenaktivierung hat viele Jahre geholfen,
gegensitzliche Funktionen dieser Zellen zu beschreiben. Wihrend , klassisch aktivierte” M1-
Makrophagen durch PRR und Interferon induziert werden, um eine Immunantwort gegeniiber
Bakterien und intrazelluldren Pathogenen auszulosen, werden ,,alternativ aktivierte* M2-
Makrophagen vornehmlich bei Asthma, Allergien und Wurmbefall durch Th2-Antworten und
Zytokine wie IL-4 oder IL-13 gebildet [15, 16]. Allerdings existieren z. B. auch Makrophagen,
die M2-dhnlich polarisiert sind und die einen wichtigen, aber noch nicht genau geklarten Beitrag
beim Heilungsprozess leisten und potenziell bei Transplantationen und Operationen relevant sein
konnten. Dieses und viele andere Beispiele illustrieren, dass sich Makrophagenfunktionen besser
durch komplexere Konzepte erkldren lassen, die von einem kontinuierlichen Spektrum der
Makrophagenaktivierung ausgehen. Es hat sich gezeigt, dass Makrophagen nicht nur ein
aullergewohnlich grofles Repertoire an verschiedenen Phénotypen annehmen kénnen, sondern
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auf unterschiedliche zeitliche und rdumliche Signale dynamisch ihre physiologischen Funktionen
wechseln [17]. Aktuelle Modelle beschreiben, wie durch ein Zusammenspiel von epigenetischen
Zell-intrinsischen und Aktivierungs-abhingigen Netzwerken von Transkriptionsfaktoren
spezifische Phénotypen reguliert werden [18, 19]. Unvollstindig verstanden ist, wie
unterschiedliche Signalkaskaden die Vielzahl von Eingangssignalen integrieren und den Rahmen
funktionaler Plastizitit vorgeben. In diesem Zusammenhang ist spannend, inwiefern sich die
regulatorischen Mechanismen unterscheiden, die zur Etablierung von ,,angeborenem
Gedichtnis* im Gegensatz zu ,trainierter Immunitét* flihren — zwei paradigmatische
Konsequenzen systemischer Entziindung, die sich durch Unfdhigkeit versus besondere Fahigkeit
zur erneuten zelluldren Aktivierung auszeichnen [20, 21].

Makrophagen-Ontogenese

Ahnlich wie bei der Aktivierung von Makrophagen hat sich auch unser Wissen iiber die
Ontogenese rasch weiterentwickelt. Makrophagen sind in fast allen Geweben vorhanden und
nicht nur fiir die Homdostase, sondern auch fiir die Entwicklung essenziell [22]. Entgegen des
initialen Modells von Van Furth, gemél dessen Gewebe-residente Makrophagen nur aus
Blutmonozyten rekrutiert werden (mononukleédres phagozytotisches Konzept) [23], wissen wir
nun, dass diese aus drei unterschiedlichen Quellen stammen: namlich aus Dottersack, fetaler
Leber und hdmatopoetischen Stammzellen (HSC) im Knochenmark.

Fate Mapping und Pulsmarkierungsstudien von Vorlduferzellen haben wesentlich dazu
beigetragen, eine genetische Basis flir die Makrophagenentwicklung zu etablieren. So wurde eine
frithe himatogene Welle im Dottersack identifiziert, die zumindest teilweise unabhdngig vom
Transkriptionsfaktor Myb ist und auch erythromyeloide Vorlauferzellen (EMP) generiert [24,
25]. Diese Zellen fiihren entweder direkt zu primitiven Dottersack-Makrophagen oder wandern
in die fetale Leber und erzeugen fetale Monozyten, die das embryonale Gewebe besiedeln und
dort zu Makrophagen differenzieren [26]. Alternativ konnen Makrophagen durch eine Myb-
abhédngige Hamatopoese entstehen, die in der fetalen Leber beginnt, hdmatopoetische
Stammzellen bildet und im Erwachsenenalter fortbesteht [27].

Interessant ist, dass der Ursprung von Makrophagen im adulten Gewebe stark variiert. Wéahrend
einige Gewebe hauptsichlich von aus EMP stammenden Makrophagen besiedelt werden (wie

z. B. Langerhans-Zellen in der Haut und Mikroglia im Gehirn [28, 29]), werden andere Gewebe
hauptsdchlich mit aus HSC stammenden Makrophagen bevolkert (wie z. B. im Herz, Haut und
Darm [30-32]). Die Infiltration durch von Monozyten abstammende Makrophagen konnte daher
auf einen hoheren ,,Verschlei3* eines Organs hinweisen. Kurioserweise konnen sich in der
gleichen Gewebeumgebung die Funktionen von aus Monozyten abstammenden und Gewebe-
residenten Makrophagen stark unterscheiden. Daher kann der Makrophagenursprung fiir die
Pathogenese von Krankheiten eine wichtige Rolle spielen, wie z. B. wihrend experimenteller
Autoimmunenzephalitis [33]. Da sich verfiigbare Studien auf Mausmodelle beschrinken, bleibt
es jedoch unklar, ob Gewebemakrophagen bei Erwachsenen tatsidchlich nicht durch von adulten
Monozyten stammende Makrophagen ersetzt werden, insbesondere wihrend des Alterns oder
iiber langere Zeitrdume wiederholter Belastungen.

Eine spannende Beobachtung ist, dass aus Dottersdcken hervorgehende Makrophagen (und
vermutlich fetale und Leber-abgeleitete Makrophagen) durch Selbsterneuerung tiber die gesamte
Lebensdauer aufrechterhalten werden konnen [34]. Jedoch bleibt bis jetzt ungeklart, ob alle oder
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einige wenige gewebsresidente Makrophagen in den Zellzyklus eintreten konnen, und sich selbst
durch asymmetrische Zellteilung (dhnlich wie Stammzellen) erneuern.

Funktionsspektrum von Makrophagen

Trotz unterschiedlicher Ontogenitdt konnen Makrophagen im Gewebe dhnliche Funktionen
haben. Alveolarmakrophagen aus der fetalen Leber und Mikroglia aus dem Dottersack iiben z. B.
wéhrend der Homoostase immunsuppressive Funktionen aus und regulieren durch die
Deaktivierung autoreaktiver T-Zellen die Aktivierungsschwelle fiir T-Zell-vermittelte
Immunreaktionen [35]. Lokal produzierte sogenannte ,,Gewebeidentititssignale® erklidren diese
Makrophagenfunktionen in Abhéngigkeit von Stoffwechsel, Nahrstoff- und
Mikrobiotaexposition. So wird z. B. die Differenzierung von Mikroglia und
Peritonealmakrophagen als Reaktion auf lokale Produktion von TGF- im Gehirn bzw.
Retinsdure im Omentum gesteuert [36, 37]. Interessant ist, dass sich Makrophagen an eine sich
sehr stark dndernde lokale Homoostase im Laufe des Lebens anpassen konnen, wie z. B.
wiéhrend der Entwicklung des erwachsenen Gehirns oder des Darms vor und nach der perinatalen
Besiedlung durch Mikroben [38, 39].

Makrophagen als akzessorische (Zubehors)-Zellen zu betrachten, kann konzeptionell zum
Verstindnis der besonderen Plastizitdt von Phanotyp und Funktion in Geweben beitragen [11].
Durch zellulére ,,Arbeitsteilung* werden generische Aufgaben, wie die Entfernung apoptotischer
Zellen, hochspezialisierte Aufgaben (wie Knochenresorption durch
Knochenmakrophagen/Osteoklasten, Recycling von Tensiden durch
Lungenalveolarmakrophagen oder Bereitstellung von neurotrophen Faktoren durch Mikroglia
[40—42]), aber auch ,,auf Abruf*-Funktionen, wie immunologische und Reparaturprozesse an
Gewebemakrophagen, abdelegiert. Dementsprechend konnen Makrophagen auch als
akzessorische Zellen z. B. fiir Tumoren verstanden werden, die in diesem Fall tumorfordernde
Prozesse unterstiitzen [43, 44]. Neben Krebs gilt eine entscheidende Rolle von Makrophagen in
diversen Pathologien wie Atherosklerose [45], Osteoporose, Fettleibigkeit und Typ-2-Diabetes
[46, 47] und Fibrose [48] als erwiesen und macht bestimmte Populationen von Makrophagen mit
spezifischen Funktionen therapeutisch interessant.

Hochauflosende methodische Ansdtze zur Analyse von Makrophagen

Es besteht ein wachsender Bedarf an der Entwicklung von Konzepten, die den Gesamtphédnotyp
von Makrophagen als Hierarchie aus Abstammung, Identitits- und ,,auf Abruf*-
Funktionsmodulen beschreiben (Abb. 2).
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Abb. 2: Multidimensionale MakrophagenaktivierungDie Makrophagenphysiologie wird dynamisch von
Ursprung, Gewebe und sowohl endogenen als auch exogenen Signalen bestimmt. Der Gberwiegende
Makrophagenursprung der individuellen Gewebe ist farblich markiert: Primitive Dottersack-
Makrophagen griin, Makrophagen aus fotalen Monozyten lila und Makrophagen aus adulten Monozyten
rot.

Um das Zusammenspiel vielzahliger Faktoren zur Differenzierung, Erhaltung und Aktivierung
von Gewebe-spezifischen Makrophagenpopulationen zu verstehen, sind innovative
hochauflésende Techniken besonders gut geeignet.

Zur Erforschung zelluldrer Heterogenitét wird die zukiinftige Forschung von der Verwendung
von genetischen Modellen profitieren, die priziseres genetisches und zeitliches Fate Mapping
von unterschiedlichen Vorlduferpopulationen erlauben. In diesem Zusammenhang sind
hochdimensionale Zelltechnologien wie mikrofluidische Genom-, Epigenom- und
Transkriptomanalysen [49] attraktiv, da diese — im Gegensatz zu klassischen Methoden (wie der
Durchflusszytometrie) — fiir jede Zelle eine groBe Anzahl von Genen analysieren, und eine
unvoreingenommene Bestimmung von Zellpopulationen moglich machen. Methoden, die eine
genaue Bestimmung des Immunphénotyps ermoglichen, so wie CyTOF, aber auch
Durchflusszytometrie oder Immunhistochemie, werden zur Evaluation funktioneller Aspekte und
Effektormolekiilkombinationen in heterogenen Makrophagenpopulationen beitragen [50, 51].
Die Orchestrierung der Gewebehomdoostase und entziindlicher Prozesse ist aufgrund der
komplexen Verwendung vieler pleiotroper interzelluldrer Botenstoffe noch unvollstindig
verstanden. Auf Massenspektrometrie basierende analytische Verfahren kdnnen hier einen
wesentlichen Beitrag leisten, unterschiedliche Biomolekiilklassen, wie z. B. Proteine,
Metaboliten und Lipide, umfassend zu identifizieren. In Kombination mit funktionellen
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pharmakologischen und genetischen Strategien konnen so gegenseitige phanotypische
Abhidngigkeiten von Makrophagen und Gewebe, wie z. B. ,,Gewebeidentititssignale* die
Makrophagenphénotypen diktieren, bzw. Gewebefunktionen durch die Makrophagenphinotypen
diktiert werden, bestimmt werden [52]. Ahnlich wie Einzelzellsequenzierungsmethoden die
Gewebeheterogenitit auf Nukleinsdureebene auflosen, werden die zu erwartenden
Entwicklungen Massenspektrometrie-basierter Technologien in Zukunft umfassende Analysen
vieler physiologisch relevanter Biomolekiilklassen in seltenen Primérzelltypen oder sogar
Einzelzellen ermoglichen [53, 54].
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