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Abstract

Abstract

The post-translational modification of proteins is a key mechanism to orchestrate cellular
life. A wide variety of PTMs is involved in the regulation of diverse cellular processes
including the cell cycle, protein synthesis and degradation. Through the fine-tuned
modulation of protein activity, localization and interaction, PTMs dynamically regulate
the proteome and cellular homeostasis. Conversely, their dysregulation is linked to a
multitude of malignancies including various forms of cancer and neurodegenerative
disorders. Consequently, there is a large body of research on the role of PTMs to better

understand their regulation in the context of health and disease.

Mass spectrometry (MS) has developed into the gold-standard for system-wide as well
as for targeted PTM analysis. Improvements of sample preparation procedures, MS
instrumentation and data analysis tools continuously push the limits of MS-based
proteomics towards faster and more comprehensive proteome acquisitions. However,
due to the substoichiometric abundance of modified proteins and the resulting
requirement of PTM enrichment procedures, MS-based PTM analysis remains
particularly challenging. In this thesis, | aimed to develop and improve methods for the
quantification and characterization of post-translational modifications, with a special

focus on protein ubiquitination and phosphorylation.

A main focus of this thesis was the establishment of a powerful data independent
acquisition (DIA)-based workflow for system-wide and in-depth ubiquitnome analysis.
Compared to label-free data dependent acquisition (DDA), this workflow almost doubles
the number of identified modified peptides, allowing for the detection of around 35,000
of them in a single liquid chromatograph (LC) MS run. At the same time, it markedly
increases the quantification accuracy while reducing the number of missing peptide
identifications across samples compared to DDA. We employed our improved high
performance DIA workflow for ubiquitinome analysis in the context of the circadian
rhythm. This identified hundreds of cycling ubiquitination sites, many of which occurred
in close proximity to each other.

When the SARS-CoV-2 pandemic hit the world, we contributed to a multilevel proteomic
analysis workflow of SARS-CoV-2 and SARS-CoV infected cells. Here, we adapted our
DIA-based ubiquitinome analysis workflow to provide state-of-the-art proteome and
phosphoproteome analysis of the cellular signaling response of viral infections and

highlighted potential drug candidates for the treatment of SARS-CoV-2 infections.
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In contrast to the unbiased, system-wide analysis of the ubiquitinome, the identification
of modification sites on specific proteins of interest provides valuable insight into protein
structure. | helped to identify ISGylation sites on TRAF2 that are relevant for its
regulation and ubiquitination sites on RIPK2 upon NOD signaling. In further
collaborations with the Schulman group, | mapped ubiquitination sites on in vitro
ubiquitinated proteins. Especially the identification of ubiquitination sites on Fbpl
provided valuable insights into the structural elucidation of a supramolecular chelate E3-
Fbpl complex. In yet another collaboration with the Schulman group, | developed a
targeted MS method for the quantification of ubiquitin chain linkages. Using this method,
we evaluated the effects of different side chain architectures of acceptor lysines for

ubiquitin chain linkages.

Another main focus was the characterization of mitochondria across different tissues on
proteome and phosphoproteome level, which generated interesting biological insights
along with a data resource that can be explored by the community to generate and test
new hypothesis. To this end, | devised a web application that allows easy data access
to explore the dataset.

A central, often neglected aspect of high-performance LC-MS experiments is the
chromatography itself, in particular the chromatographic column. Here | contributed to
the development of a multiplex column packing station allowing fast and low-cost

manufacturing of high-performance columns.

Finally, data analysis of MS-based experiments generates extensive lists of identified
modification sites, whose structural and functional annotation is still mostly done
manually. With the development of the AlphaMap tool, we automated the annotation of
PTM sites, contributing to an informative, streamlined PTM site analysis workflow.
Moreover, the integration of AlphaFold protein structure predictions enabled us to
evaluate PTMs on 3D protein structures on a global level.




Contents

Contents
2N 1] 4 = T SR ii
I [N o T U o3 1 T Y o 1
1.1 The proteome: more than the sum of its parts........ccccccveeeei i, 1
1.1.1 Genome and transcriptome dynamicCs ..........cccviiieiiieeeeiieiiiiiis e eeeeeeenns 1
1.1.2 Proteome dYNaIMICS .......uuuiiiiiiiiiiiiiiiiiiiiieii e 1
1.1.3 The proteoform exploSioN ......ccoooiiiiiiii e, 3
1.2 Mass spectrometry - based proteomicCS........ccevvviiiiii e, 5
1.2.1 Sample Preparation. ... 6
1.2.2 Liguid chromatography i mass spectrometry (LC-MS) ..........ccccuvveeee 8
1221 Liquid chromatography ...........cocueeieiiiiieeiieee e 8
1.2.2.2 The MaSS SPECLIOMELEN ... ..uuuuuieiiiiiiii s 9
1.2.2.3 Tandem mMass SPECLIOMEITY .......uuuuuueeeeieiiiii s 13
1224 Data acquISItioN ... 15
1.2.3 Peptide and protein identification .........ccccccoeeiiiiiiiiiiii 18
124 Protein quantifiCation .................ueueuuuieuiiiiiiiiiiiiiie e 19
1.3 Post-translational modifications ............ueiiiiiiiiiiiiiie e 23
1.3.1 Ubiquitiniopeni ng Pand.o.r.af.s.BoX. ... 23
1.3.1.1 The UDIQUILIN SYSTEIM .. ..uuiiiiiiiiii s 24
1.3.1.2  The ubiquitin COAE ..o 26
1.3.1.3 MS-based ubiquitinome analysis...........ccccceeiiii 27
1.3.2  PhoSPhorylation. ... 29
1321 MS-based phosphoproteome analysis ..........ccoouiveiriiiieiniiee e 30
1.3.2.2 Phosphorylation in mitoChoNdria ..o 32
2 AIMS Of thiS theSIS ..o e 34
G T VY o] o= 1 o -SSP 36
3.1 Data-independent acquisition method for ubiquitinome analysis reveals
regulation of circadian DiolOgY .........uuuuiiiiiiiiiii 36
3.2 Multilevel proteomics reveals host perturbations by SARS-CoV-2 and
SARS-COV 50
3.3 A regulatory region on RIPK2 is required for XIAP binding and NOD
SIGNAITING ACTIVITY oo e e e e e e et e e e e eaeeeneees 65

34 Identification of covalent modifications regulating immune signaling
complex composition and phenotype........ooooeiiii 80

35 Interconversion between Anticipatory and Active GID E3 Ubiquitin
Ligase Conformations via Metabolically Driven Substrate Receptor Assembly

102
3.6 GID E3 ligase supramolecular chelate assembly configures
multipronged ubiquitin targeting of an oligomeric metabolic enzyme........... 126




Contents

3.7 Linkage-specific ubiquitin chain formation depends on a lysine

MY ArOCaArDON FUIEE ...eeee e e 155
3.8 Mitochondrial phosphoproteomes are functionally specialized across
LTS U 167
3.9 A New Parallel High-Pressure Packing System Enables Rapid
Multiplexed Production of Capillary Columns.........cccccciieiiieiiiiciiee e 215
3.10 AlphaMap: an open-source Python package for the visual annotation of
proteomics data with sequence-specific knowledge ...........ccuuvvviviiiiiiiiiiiinnnns 225
3.11 The structural context of PTMs at a proteome wide scale.................. 230
4 DiscUSSION @Nd OULIOOK .....uuuuiieiiiiiiiiiiiiiiiiiiiiiieiiiiseeeeeeeseereeeeeeeeeeeeeereeeeeeeneeeae 262
5 REEIENCES oo 266
F N o] o] €=V = 4 o T o BT 280
ACKNOWIEAGEMENTS ... .o e e e e e e e e e 282







Introduction

1 Introduction

1.1 The proteome: more than the sum of its parts
1.1.1 Genome and transcriptome dynamics

Life comes in many forms and shapes and every organism has its own building plan -
the genome. Although this blueprint of life is shared throughout all cells of an organism,
individual cells can display an astonishing heterogeneity. Johannsen first coined the
terms O0genotypedn 1209 W disiimiish bednmegn phe genetic material
and the observable traits of an organism [1]. Since then, tremendous efforts have been
made to elucidate the intricate relationship between genotype and phenotype. With their
seminal work on genetic mutations in Neurospora crassa, Beadle and Tatum introduced
t he -generie ne p rhypoteesisid1941 [2], implying that a single gene affects
a single step in a metabolic pathway. Shortly after, Avery described deoxyribonucleic
acid (DNA) as the container of the genetic information [3] and Watson and Crick solved
the structure of DNA [4]. Discoveries such as alternative splicing [5] soon indicated that
the 6 o gene’ o n e p rconceptiisoersimplified. In 2003, upon sequencing of the
complete human genome, the International Human Genome Sequencing Consortium
reported the existence of 20,000 genes [6], which was strikingly less than the initially
anticipated 80,000-100,000 genes [7]. However, the seemingly low number of genes
give rise to >150,000 protein coding transcripts [8], highlighting a greater variability on
transcriptome and proteome than on genome level (Figure 1). In contrast to the genome,
the transcriptome and the proteome are both dynamically changing in response to

external or internal stimuli.

1.1.2 Proteome dynamics

The proteome describes the compendium of all expressed protein molecules in a
biological system and can be subject to extensive and multifaceted regulation on a
qualitative and quantitative level. Protein synthesis and degradation are finely regulated,
counteracting processes and allow the proteome to dynamically adapt to intrinsic and
external stimuli. An important factor contributing to proteome variability is the
dynamically regulated pool of messenger ribonucleic acid (mMRNA) sequences. Splice
variants, as well as alternative open reading frame (ORF) translation events can lead to

a multitude of functionally distinct proteins originating from the same gene. Regulation
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of the abundance of individual mMRNA species, as well as their translation efficiency,
further define the proteome composition on a quantitative level. The lifespan of individual
proteins largely depends on their stability, which is influenced by their three-dimensional
structure, integration into stable protein complexes, as well as subcellular localization.
Protein degradation is primarily facilitated by the ubiquitin-proteasome system (UPS),
autophagy or lysosomal degradation. Furthermore, the subcellular protein compositions
at e.g. membranes or in individual cellular compartments enable specific functionalities.
Although protein synthesis directly depends on the transcriptome and an estimated
54%-84% of proteome variation at steady state has been estimated to be reflected by
MRNA variance, the proteome and transcriptome correlate poorly during transition
phases, after for example an external stimulus [9-11]. Reasons for the poor correlation
are manifold and can include, for instance, different half-life of mMRNA and proteins,
delayed signal transduction and translational adaptation. In addition to the
transcriptional and translational variation post-translational modifications (PTMs)
strongly contribute to proteome diversity; in fact, some consider PTMS to be the main
contributor [12].
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Figure 1 Proteome complexity i the proteoform explosion

The complexity of the proteome is based on transcriptional (e.g. alternative promotor usage), post-
transcriptional (e.g. alternative splicing) and post-translational modifications (e.g. protein ubiquitination).
Adopted from [13].
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1.1.3 The proteoform explosion

As pointed out earlier,t h e -geperi ®ne-pr ot e i n @idcobwithstana the test of
time and shouldb e r ep hr a s-gede i1 ama n§ o rpe. éndiveduah mednbers of
proteins originating from the same genes are commonly referred to as protein isoforms
and include alternative splicing or promotor usage variants. Post-translational
modifications (PTMs), which by definition occur after protein synthesis, and genetic
variations such as single-nucleotide polymorphisms are usually not included in this
terminology and are instead referred to as proteoforms [14]. PTMs confer a tremendous
variability to the proteome and can be classified into reversible and irreversible
modifications (Figure 2) [15]. The latter include proteolytic cleavages, where for example
specific signaling sequences are cleaved after protein transport to specific organelles
such as the endoplasmic reticulum (ER) or the mitochondria and amino acid
modifications such as deamidation, which alter protein stability. Reversible
modifications, as the name implies, can be covalently attached and removed from
proteins, which is mediated through enzymatic processes. For instance, the attachment
and removal of phosphate or ubiquitin to and from substrate proteins is facilitated by
kinases and phosphatases or E3 ligases and deubiquitinating enzymes (DUBS),
respectively. Such reversible modifications can consist of the addition of complex
molecules, small chemical groups and polypeptides for which glycosylation,
phosphorylation and ubiquitination are prominent examples (Figure 2). To date, over
600 types of PTMs have been experimentally discovered
(http://www.uniprot.org/docs/ptmlist.txt). Individual PTM types can display a huge
variability themselves; for instance, while a phosphate group added to a protein of
interest cannot be further modified, a ubiquitin molecule itself can be subject to multiple
modifications [16]. The resulting set of possible PTMs combined with the potential co-
occurrence of further PTMs on the same protein leads to an explosion of potential
proteoforms (Figure 1). While the genome can be precisely determined and the size of
the transcriptome can be estimated with some accuracy, the manifestation of the
proteome with all its proteoforms remains difficult [17]. Nevertheless, unraveling the
composition of proteoforms is a key for the understanding of intricate regulations of the
proteome in health and disease. Mass spectrometry (MS) has experienced a
tremendous development over the last decades and is the method of choice to decipher

proteomes in a system-wide, unbiased way.
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Figure 2 Compendium of PTM diversity
PTMs based on the character of the modification classify into two subgroupings: reversible or irreversible
modifications, as well as the modification of the chemical structure of amino acid side chains such as the
addition of chemical groups or complex molecules to specific amino acids, the covalent linkage of
polypeptides, or the cleavage of the peptide bond between two amino acids. Adopted from [15].
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1.2 Mass spectrometry - based proteomics

The underlying principle of mass-spectrometry is the detection of mass-to-charge ratios
(m/z) of analyte ions and was already described at the end of the 19" century by Wilhelm
Wien [18] and J. J. Thompson [19]. For a long time, the use of mass spectrometry was
limited to the analysis of small molecules until almost a century later in the late 1980s
fimolecular elephantsdi proteins i learned to fly. With the advent of matrix assisted laser
desorption ionization (MALDI) [20] and electrospray ionization (ES) [21], it was possible
to ionize large molecules such as proteins and analyze their m/z-values. Until this point,
the sequence of polypeptides had commonly been determined by Edman degradation
[22]. Thus, MS for protein analysis marked a turning point in modern protein sequence
analysis [23]. Since then, improvements in MS instrumentation and measurement
techniques have perpetually advanced the field of proteomics, making MS the gold

standard for unbiased, system wide proteome analysis today.

MS-based experimental strategies for proteomics classically distinguish between
bottom-up and top-down approaches. The latter describes the analysis of intact proteins
and has the advantage of a very high sequence coverage and the ability to efficiently
differentiate between proteoforms without the need to infer protein information from
peptides [24]. Furthermore, the co-occurrence of multiple modifications on the same
substrate protein can often only be analyzed with top-down approaches. However, due
to poor ionization properties, complex ionization patterns and MS/MS spectra, the
analysis of intact proteins from complex samples or even individual proteins is often not
possible in practice. These constraints make top-down proteomics experimentally and
computationally challenging and reduce the analytical depth compared to peptide-based
approaches. Such peptide-based approaches are referred to as bottom-up or shotgun
proteomics and imply that the protein information is inferred from these identified
peptides. This approach is by far the most commonly applied technique for in-depth
system-wide proteome analysis. Although computational analysis does not require
expert knowledge, bottom-up approaches may be limited by low protein coverage and
protein inference problems. It is for example not generally possible to distinguish if PTMs
that were measured on different peptides derived from the same protein sequence were

also present on the same or on different molecules.

Irrespective of the chosen experimental approach, MS-based proteomic workflows can

be summarized into sample preparation, liquid chromatography, MS and data analysis.
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The procedures discussed in this thesis are by no means exhaustive, but instead focus

on the principles and instrumentation relevant to the work presented herein.

1.2.1 Sample preparation

Sample preparation is a crucial step in all MS-based experiments and it requires a high
degree of robustness and reproducibility to provide a product of adequate quality for
subsequent analytical steps. Although there is a huge variety of sample types and
processing procedures, most proteomic sample preparation protocols share key
features, such as protein extraction, reduction of disulfide bonds, alkylation of cysteines,
enzymatic digestion and a final sample clean-up to remove MS-incompatible

components and other contaminants (Figure 3A) [25].
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Figure 3 Bottom-up proteomic workflow.

A) Proteins are first extracted from biological material (step 1) and enzymatically digested to peptides (step
2). Peptide mixtures may be further fractionated or directly loaded onto ultrahigh pressure liquid
chromatography systems (step 3). Peptides are ionized by electrospray (ES) ionization and analyzed via
tandem mass spectrometry (step 4). B-D) Optional sample preparation, including the enrichment of
subcellular compartments (B), specific proteins for e.g. interaction studies (C) and post-translationally
modified peptides (D). Adopted from [25].

Protein extraction procedures are highly dependent on the sample type and may require
mechanical (e.g. bead milling), physical (e.g. sonication), chemical (e.g. detergents) or
biological (e.g. enzymes) procedures for efficient lysis [26]. Some biological questions
may also involve the isolation of subcellular components such as the mitochondria and
require more sophisticated extraction procedures (Figure 3B). To facilitate efficient
proteolytic cleavage, all proteins of the resulting lysate or specifically enriched subsets
(Figure 3C) are transferred into an unfolded state by first disrupting disulfide bonds with
reducing agents like dithiothreitol (DTT) or tris(2-carboxyethyl)phosphine (TCEP).

Reformation of these bonds is prevented by alkylation of cysteines with iodoacetamide
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(IAA) or chloroacetamide (CAA). The ensuing protein digestion is most commonly
performed with trypsin, which has a high cleavage specificity C-terminal to lysine and
arginine residues [27]. This cleavage behavior renders the average peptide with two
positive charges, one at the N-terminal amine and a second at the sidechain of
lysine/arginine, which has positive effects for peptide ionization and detectability.
However, generally not all produced peptides can be identified by MS, leading to an
incomplete protein sequence coverage and loss of information. This is partially due to
peptides that are either too short or too long for MS detection. The optimal length of
peptides for MS detection ranges between 8-35 amino acids [28]. To improve sequence
coverage, other enzymes like Glu-C, Lys-C, Asp-N, Arg-C, chymotrypsin, Lys-N and
combinations of these can be employed [28].

Protein digestion is commonly performed in-solution at conditions that keep proteins in
an unfolded denatured state, but at the same time keep the proteolytic enzyme in an
active state [29]. However, classical biochemical protein analysis strategies may require
a 1-D or 2-D gel electrophoresis step up-front protein digestion to for instance visualize
a specific protein of interest. In such cases in-gel digestion procedures can be applied
to digest proteins directly in the gel and extract peptides afterwards [30, 31]. These
methods, however, usually have low throughput and are prone to experimental
deviations reducing reproducibility.

Regardless of the digestion procedure, peptide mixtures require a sample clean-up step
prior to MS measurement to remove contaminants and MS-incompatible components.
These include for instance lipids, DNA and cell debris from the biological material or
salts and detergents that were added for digestion. Sample clean-up is also often
performed prior to the enrichment of modified peptides (Figure 3D). A simple, low-cost
and broadly applicable solution for proteomics samples is to employ self-packed
microcolumns termed STop And Go Extraction tips (StageTips) [32]. Stage-Tips are
constructed of very small discs of an inert matrix containing separation material that are
inserted into a pipet tip. Various stationary phase chemistries can be used for the sample
clean-up procedure. While C18 is the most commonly used stationary phase chemistry,
styrenedivinylbenzene - reversed phase sulfonate (SDB-RPS) can be used to efficiently
remove detergents such as sodium deoxycholate (SDC), which is beneficial for optimal
lysis and digestion conditions [33, 34]. In addition to the sample clean-up functionality,
StageTips can further be used for sample concentration and fractionation.

Sample fractionation prior to LC-MS/MS is frequently used to increase proteome
coverage and to build spectral libraries for data-independent acquisition (DIA)
experiments [29] ( s e e acBHussitioad . )Fractionation reduces the sample complexity

and increases the total peptide amount analyzed across all fractions. Although
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fractionation comes at the cost of increased analysis time, it increases the dynamic
range and depth of analysis. In general, fractionation strategies can be divided in
discrete and continuous approaches. StageTip fractionation is an example of the former,
where different buffers with increasing elution strength are sequentially used to elute
peptides. In contrast, continuous fractionation procedures make use of a binary buffer
system with a continuous flow and sample collection into discrete fractions. The spider
fractionator developed in our group is an example of such a continuous fractionation
strategy [35]. A basic requirement for all off-line fractionation techniques prior to LC-
MS/MS is a high orthogonality of both peptide separation techniques to grant an optimal

isolation of peptide species in the retention time domain.

1.2.2 Liquid chromatography i mass spectrometry (LC-MS)

Mass spectrometry can be a stand-alone analysis technique without the need of
additional sample separation up-front [36]. Flow injection analysis (FIA) and MALDI are
examples of methods where no additional separation techniques are used [37-39].
These methods are popular for applications where a high throughput is required and low
analytical depth can be accepted. However, for in-depth analysis of bottom-up
proteomics additional separation that reduces the complexity of the ion mixture entering
the mass spectrometer is required. Techniques based on the ion mobility rely on the
separation of ions by their drift through a neutral gas in an electric field [38]. Although
this technique is sufficient to separate ions, it is most commonly used in combination
with liquid chromatographic separation. In fact, liquid chromatography 1 mass
spectrometry (LC-MS) is by far the most wildly used approach for proteomics

experiments.

1.2.2.1 Ligquid chromatography

The central motive for MS-coupled liquid chromatography is the reduction of the sample
complexity before injection into the mass spectrometer for analysis. Chromatographic
separation is based on the physicochemical properties of the analyte ions and their
interaction with the mobile and stationary phase of an analytical column. Different
stationary phases can be chosen for liquid chromatography, but reversed phase
chromatography employing non-polar stationary phases is by far the most common. For
the separation of peptides, C18 beads (long alkyl chains on silica particles) are used as

stationary phase and a binary buffer system as mobile phase. Initially peptides bind to
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the stationary phase, but then they are continuously eluted based on their

hydrophobicity as the non-polar component in the mobile phase increases.

An elementary feature of an LC-system is its ability to efficiently separate different
peptide species. The chromatographic performance can be summarized in the van
Deemter equation (Height equivalent to a theoretical plate (HETP) = A + B/u + Cu),
which is influenced by Eddy diffusion (A), random diffusion (B), mass transfer (C), and
linear mobile-phase velocity (u) [40]. All factors can individually be adjusted to realize a
favorable, small HETP value. A common chromatographic setup for bottom-up
proteomics employs nano-flow high performance liquid chromatography (hano-HPLC)
with flow rates between 100-400 nl/min in combination with small particle (< 3 pm
diameter) packed capillaries with an inner diameter (ID) ranging from 50-150 pm. The
weakest part in this setup is the packed capillary, which often has only weeks of peak
performance before the performance drops. Although packed capillary columns are
commercially available, many labs produce their own packed columns to save costs. To
this end, we developed an improved column packing procedure, which combines the
principles of high pressure and high-density slurry packing and allows capillary column
packing times with <1.9 um particles in 2 min [41].

The company Pharmafluidics recently introduced an alternative that avoids the intrinsic
variability of packed bead beds and thus provides a very reproducible chromatography
performance [42]. In their chip-based separation technigue the flow-path is etched into
a silica chip, creating a reproducible pillar architecture for the stationary phase. Although
such commercial solutions are more expensive and not as flexible as custom-made
columns, they provide the opportunity to establish a robust and reproducible

chromatographic performance across labs.

1.2.2.2 The mass spectrometer

The mass spectrometer sits at the core of MS-based proteomics and advances in this
field are closely linked to advances in instrumentation. It typically consists of three parts
- an ionization source, a mass analyzer and a detector (Figure 4). Depending on the
experimental needs, the user can choose between a variety of different techniques and
instruments. Among the various ionization techniques, ESI is the one most widely used.
Prominent mass analyzers include quadrupoles, ion traps (Orbitrap, quadrupole ion
trap) and time-of-flight analyzers, which are often combined in modern MS instruments.

The final part of a mass spectrometer is the detector, which is typically a variant of an




Introduction

electron multiplier that amplifies the low signal originating from only few analyte ions or

a detector that records an induced charge by oscillating ions in e.g. an Orbitrap.

Sample
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Figure 4 Components of a mass spectrometer.

A typical mass spectrometer consists of an ion source, a mass analyzer and a detector. Adopted from [43]

The most common source for ions is nano-HPLC in combination with ESI. Peptides
eluting off a column first need to be ionized and transferred from liquid into the gas phase
before they can enter the MS. This is achieved by ESI, a soft ionization technique for
which John Fenn was awarded the Nobel Prize in 2002 [21]. By applying a kilovolt
potential between the emitter, which is part of or connected to the column, and the
transfer capillary, the entry of the mass spectrometer, a strong electric field is created
(Figure 5) [44]. This electric field leads to the formation of a Taylor cone at the tip of the
emitter. Small droplets leave the Taylor cone in a jet, which disperses into little droplets,
the plume. As solvent evaporates, charged droplets become unstable until they reach
the Rayleigh limit and further disperse into smaller droplets by coulomb fission. The
formation of charged analyte ions in atmosphere is generally described by two models,
which may also act together: the charge residue model (CRM) [45], where cycles of
solvent evaporation and coulomb fission continue until only one analyte ion remains and
the ion evaporation model (IEM) [46], where ions enter the gas phase through field

desorption (Figure 5).
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A. A strong electrical field is applied between an ESI emitter and the MS inlet. This electric field leads to the
formation of a Taylor cone on the at the emitter tip, from where analytes dissolved in small droplets become
airborne. Solvent evaporation shrinks droplets until the Rayleigh limit is reached and droplets disperse into
smaller droplets. B. Repeated cycles, until all solvent is evaporated and only charged analytes remain,
describe the charge residue model (CRM) while ejection of charged analyte ions form solvents describe the
ion evaporation model (IEM). Adapted from [44].

lons entering the mass spectrometer are analyzed in regard to their masses, or more
precisely to their m/z-value. This is achieved through one or more mass analyzers. A
popular one is the quadrupole, which consists of four cylindrical rods that are positioned
equidistant from a center axis (Figure 6) [47]. A radio frequency (RF) voltage can be
applied to opposing rods, which creates an oscillating electrical field. Depending on the
applied RF only ion-trajectories of specific m/z-values are stabilized and can pass the
qguadrupole for detection. Quadrupoles are robust, have a high reproducibility and
sensitivity, but suffer in speed and resolution. They are often used as mass filters in
tandem with other mass analyzers like time-of-flight (TOF) or Orbitrap mass analyzers.
TOF mass analyzers make use of the direct proportionality between the square root of
the mass and the drift time of analyte ions that were accelerated with the same kinetic

energy through a field free vacuum. Although these analyzers have a very high scan
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speed and sensitivity, they used to suffer from a low resolving power [48]. Recently,
through the combination of trapped ion mobility spectrometry (tims) with TOF mass
spectrometers, TOF instruments have regained significant interest in the field of
proteomics. The ability to separate precursor ions based on their ion mobility grants
timsTOF instruments an additional dimension of precursor separation. In contrast, the
Orbitrap is a comparably new mass analyzer that consists of an inner spindle and an
outer barrel-shaped electrode, that is split into two parts [49] (Figure 6). lons in the
Orbitrap circle around the inner spindle, while moving back and forth the length of the
spindle. The resulting harmonic axial oscillation is proportional to the m/z-values and is
used as the readout for m/z-value detection [50]. Due to their heigh accuracy and
resolution, Orbitraps are currently the most widely used mass analyzers in the field of

proteomics.

Modern mass spectrometers allow in addition to the analysis of the m/z values also the
filtering of analyte ions based on their ion mobility (IM). For instance, interfacing of the
high-field asymmetric waveform ion mobility spectrometry (FAIMS) device with orbitrap
instruments showed to increase proteomic depth [51]. An alternative strategy for IM
separation uses trapped ion mobility spectrometry in combination with the parallel
accumulationi serial fragmentation (PASEF) scan mode on TOF machines [52-54]. In
general, IM provides an additional dimension for peptide separation, thus, increasing

the resolving power for individual peptide analytes.

The actual detection of the signal imposed by analyte ions depends on the mass
analyzer used upfront. The quadrupole and TOF mass analyzers employ electron
multipliers that produce a measurable current upon analyte ion impact. Microchannel
plate ion detectors, for instance, interfaced with a digitizer for signal recording are used
in modern timsTOF instruments [52, 53].

In contrast, the Orbitrap records an induced charge difference between the two halves
of the outer electrode. This image current is digitized and transferred via Fourier

transformation into a mass spectrum.
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Figure 6 Mass analyzer

Three commonly used mass analyzers i upper left a quadrupole, upper right an Orbitrap and bottom a time
of flight (TOF) mass analyzer. Adapted from [47]

1.2.2.3 Tandem mass spectrometry

For the complete characterization of peptides, their mass alone is not sufficient. Further
sequence information is needed to more fully characterize a peptide and assign it to a
protein. For this, tandem mass spectrometry is employed. The combination of a full MS
scan (survey or MS1 scan) which records the m/z-values of the intact peptide and a
tandem scan (MS/MS, MS2 scan) that records the m/z values of fragment ions together

create a peptide fingerprint that is used for identification (Figure 7A).

Peptide precursor ions can be fragmented by various techniques such as collision-
induced dissociation (CID), electron capture/transfer methods or photodissociation.
Each method has different propensities to generate fragment ions (product ions), which
are characterized by the peptide backbone bond that is broken (Figure 7B). In CID,
peptides are collided in ion traps with an inert gas such as helium, which leads
predominantly to the breakage of peptide bonds, producing b (N-terminal) or y (C-
terminal) ions. The resonance excitation principle, however, leads to weak
fragmentation yields and a low molecular mass cutoff in a three-dimensional ion trap
[55]. In contrast, higher-energy collision dissociation (HCD), a special form of CID that
was devised for the use with Orbitrap analyzers, allows consecutive fragmentations

based on the non-resonance excitation principle [55, 56]. This leads to a broader
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fragment ion range including also low mass fragments. Fragmentation in HCD is
performed in a multipole collision cell, whereafter fragment ions are transferred into a
C-trap, a bend version of a quadrupole, focused into small ion packages and injected
into the Orbitrap. HCD on Orbitrap mass spectrometers generates high-quality MS
spectra with high resolution and mass accuracy and is currently the most widely applied
dissociation technique. Nevertheless, further fragmentation strategies can provide
additional information. For instance, photodissociation methods like ultraviolet
photodissociation (UVPD) [57-59] use high energy photons for dissociation, which in
addition to bly ions also produces a/x ions [60]. Furthermore, in electron transfer
dissociation (ETD) [61], the transfer of an electron to a peptide leads to an N-CU bond
breakage, generating ¢/z ions. ETD was also shown to be beneficial for PTM analysis,

as labile modifications tend to be retained during fragmentation.
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Figure 7 Peptide fragmentation

A) Generation of a tandem mass spectrum. A peptide is selected for fragmentation and resulting fragment
ions are detected and visualized in a tandem mass spectrum. Mass differences between fragments allow
the deduction of the peptide sequence. B) Peptide fragmentation can occur at three different bond types
along the peptide backbone generating a/x, bly and c/z fragment ions. Adapted from [62]
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1.2.2.4 Data acquisition

Mass spectrometry offers multiple data acquisition strategies, which make different use
of the individual components implemented in the mass spectrometer. Acquisition
strategies can be separated into targeted and untargeted approaches. While the aim of
the latter is the unbiased identification of as many peptides in a sample as possible, the

former often aims at the reproducible and robust quantification of only few peptides [63].

Currently, the most widely used untargeted technique is data dependent acquisition
(DDA). In a MS1 scan, the TopN most intense precursor ions are selected for
fragmentation in consecutive MS2 acquisitions (Figure 8A-C). Precursor ions are
isolated through a quadrupole operated as a mass filter for a small m/z-value range
(typically 1.4 Thompson) around the desired m/z-value. The succession of one MS1
scan and multiple corresponding MS2 scans is called a duty cycle and depends on
parameters such as mass resolution, ion collection time and the number of selected
precursors for fragmentation. To avoid re-fragmentation of the same precursor ions over
the course of their chromatographic elution, a dynamic exclusion time is applied,
preventing further picking of these precursor ions. For sufficient chromatographic peak
reconstruction, which is important for accurate quantification (see below), in practice at
least 4-6 data points per chromatographic peak are required. Parameter adjustments
aim to strike an optimal balance between analytical depth and accuracy. While DDA
generates easy to interpret MS2 spectra, the intensity-based precursor selection is
biased towards peptide identification of more abundant peptides. Furthermore, the semi-
stochastic nature of precursor picking tends to produce missing values across multiple

samples, which may impede accurate quantitative comparisons.

An alternative method is data-independent acquisition (DIA), which was already
described two decades ago, but only gained traction in recent years [64-67]. In DIA,
contrasting to DDA, the selection of m/z-ranges for fragmentation is not dependent on
the MS1 scan. Instead, the whole m/z-range is split into mass windows, which each
contain many peptides (Figure 8F-H). Fragmentation of all peptides in such a mass
window leads to immensely complex MS2 spectra which need specialized software tools
for analysis. However, this approach allows an unbiased sampling of all precursor ions
and results in a higher dynamic range in trapping instruments such as the orbitrap and
less missing values across multiple samples. Based on their data acquisition paradigm
DIA strategies are classified as scanning methods, but data analysis can be performed
in a targeted or untargeted fashion. Most implementations of DIA classically rely on a

prerecorded spectral library, which is used to match peptide fragments in the actual DIA
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measurement [68]. This library cont ai ns Apepti de (PQR) evhich
include information about peptide sequence(s) for a given protein, peptide charge state
distribution, fragment ions, fragmentation patterns and peptide retention times. This
Opeptide centrico6 appr oa cahalysissnetbofl.ineenentyearfs
however, library-free DIA, which obtains all essential information from the acquired DIA
measurements themselves [69] has become increasingly popular and can be regarded

to as an untargeted analysis method.
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Figure 8 Conceptual comparison of data-dependent and data-independent acquisition.

In Data dependent-acquisition (DDA) (A-E) A) the most intense precursor ions, based on an MS1 survey
scan are selected for isolation and fragmentation. B) The recording of a MS1 scan (long black line) is
followed by multiple MS2 scans (short red lines) that semi-stochastically select the most intense precursor
ions for fragmentation which is referred to as duty cycle. C) Fragmented precursor ions are recorded in a
MS2 spectrum that ideally only contains fragments of the targeted precursor ion. D) MS1 signals are
continuously recorded and used for precursor ion quantification. E) MS2 signals, in contrast are only semi-
stochastically recorded for individually selected precursors and cannot be used for quantitation. Data-
independent-acquisition (DIA) (F-J) F) selects all precursor ions of a predefined m/z window for
fragmentation. G) After an MS1 scan the whole m/z range is sampled in predefined m/z windows for
fragmentation. H) Resulting MS2 spectra display complex fragment ion mixtures of many precursor ions. I)
Similar to DDA, the MS1 signal is continuously monitored and could be used for precursor ion quantification.
J) In contrast to DDA, the DIA scheme continuously records fragment ions and allows the use of these
fragment ions for precursor quantification. Adapted from [70]

While DDA and DIA are both hypothesis-free methods for the acquisition of whole
proteomes, targeted methods like single ion monitoring (SIM) [71], selected or parallel
reaction monitoring (SRM, PRM) [72] aim at the confident identification and
guantification of single or few analyte ions (Figure 9). In SIM, a specific precursor ion is

filtered by a quadrupole operated in filter mode, followed by the detection of the intact
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peptide ion. Although only MS1 level information is used for quantification, additional
MS2 scans can be acquired to confirm the peptide identity [73]. In SRM, MRM and PRM,
in contrast to SIM, MS2 level information is used for quantitation. In SRM, the
capabilities of triple quadrupole (QQQ) mass spectrometers are exploited [74]. A
precursor ion is isolated by the first quadrupole, and then fragmented in the second
guadrupole, which is followed by recording of a specific fragment ion in the third
guadrupole. For more specificity, multiple fragments of the same precursor are detected
sequentially which is then referred to as multiple reaction monitoring (MRM). In PRM,
Orbitrap mass spectrometers instead of a QQQ mass spectrometer are used. This has
the great advantage of much higher specificity and allows the parallel detection of
multiple fragment ions of a selected precursor instead of the sequential detection in
SRM/MRM. Although targeted analysis of individual peptides requires laborious method

developments, they can offer excellent sensitivity and quantitative accuracy.
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Figure 9 Overview of targeted acquisition methods

In Single lon Monitoring (SIM) (top) precursor ions are filtered in a mass analyzer for direct detection via a
mass detector. For Selected reaction monitoring (SRM) (middle) a precursor is selected by a mass analyzer
operated in filter mode and fragmented in a collision cell. A second mas analyzer, which is typically a
quadrupole for SRM, filters for a specific m/z that is subsequently detected. Similar to SRM, Parallel
Reaction Monitoring (PRM) first selects and fragments a specific precursor ion, but uses all fragment ions
for parallel detection, which is typically achieved with Orbitrap or time-of-fight mass analyzers and
corresponding detection methods. [63]
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1.2.3 Peptide and protein identification

The central motivation of classical MS experiments aiming at the characterization of
whole proteomes is the identification and quantification of proteins. In bottom-up
proteomics, this information needs to be inferred form the peptide level. Various data
acquisition strategies can be employed to obtain experimental data and the selection of
the most suitable method greatly depends on the scientific question. Regardless of the
employed data acquisition strategy, the vast amount of data generated in MS-based
experiments by far surpasses the capabilities of manual spectrum annotation, thus
making software tools imperative. The list of software solutions is extensive and also
depends on the type of MS-experiment. Currently, prominent tools are MaxQuant [75],
MS-Fragger [76], Skyline [77], Spectronaut [78] and DIA-NN [79]. Two approaches for
the analysis of acquired data and peptide identification can be distinguished i peptide-

centric and spectrum-centric ones.

Spectrum-centric approaches employ a user specified sequence database, which is in-
silico digested based on the experimentally used proteases. Hereafter, algorithms such
as Andromeda for MaxQuant [80] search each experimentally acquired spectrum for the
best matching peptide sequence and score the quality of established peptide-spectrum
matches (PSM). These PSMs need to be statistically validated to ensure correct
identification. A frequently used strategy to control the false-discovery rate (FDR) is the
target-decoy strategy (reviewed in [81]). Here, spectra are not only searched against
the proteome-based in-silico generated peptides (targets), but also for the same
peptides with the reversed amino acid sequence (decoys). Based on the number of
PSMs matching to the Decoy database, the PSM-score can be adjusted to only include
an acceptable number of false identifications, which is usually 1% in discovery
proteomics. DDA experiments, but also library-free DIA experiments, commonly employ

spectrum-centric strategies [69].

Peptide-centric approaches use a priori knowledge about peptides and test whether
these peptides are observed in a sample with a certain confidence. For library-based
DIA experiments, PQPs are used to score detected peptide signals. Similar to the FDR
control described for spectrum centric approaches, reversing the sequence of query

peptides is a common strategy for FDR control in peptide-centric approaches [68, 82].

The detection and subsequent identification of peptides across multiple samples is
crucial for robust quantification and strongly depends on the data acquisition strategy.

DDA is still the most common approach for data acquisition and easy to implement with
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relatively straightforward data analysis. However, the semi-stochastic precursor picking
favors the more constant detection of abundant peptide species and can lead to missing
peptide identifications across multiple samples. In contrast, the DIA paradigm is not
biased to the analysis of high abundant peptides species and covers a higher dynamic
range than DDA approaches, but data analysis requires specialized analysis tools for
the deconvolution of complex MS2 spectra. Since the whole m/z range is systematically
used for data acquisition, DIA generates considerably fewer missing values across
samples. Such missing peptide values are especially detrimental for MS experiments
that rely on peptide level information as final readout. The analysis of PTMs, for
instance, typically reports modified peptides and in contrast to protein identification, that

often profits from multiple peptides, a missing value cannot be compensated.

After search engines have confidently identified peptides, the correct set of proteins from
which these peptides originate needs to be identified. Because of sequence similarities
between proteins, e.g. isoforms, a clear one-to-one assignment of peptides to proteins
is often not possible. The deduction of proteins from a complex peptide mixture
containing peptides that can be explicitly assigned to one protein and those that cannot
are coll ect ed pisnatpommirept methtoe addresging this problem is the
parsimony principle, aversionoftheOccamdéds razor constraint that

of proteins explaining all peptide identifications [83].

1.2.4 Protein quantification

The confident identification of proteins is essential to uncover the qualitative proteome
composition, but to gain a deeper understanding of molecular processes, changes in

protein abundance need to be quantitatively evaluated. Protein quantification strategies

can be classified into 6 absobndtéeée | at i ved noethads tRelétivec at i on
guantification methods evaluate the difference between proteomes of different states,

whereas absolute quantification aims to quantify the expression level or concentration

of each protein species in a given sample. Absolute quantification usually relies on the

spike-in of heavy labeled, synthetic proteins or peptides for quantification and is
significantly more complex than relative quantification. Another classification of
guantification strategiebraedfabesaddadbmbt hed
(Figure 10).

Label-free quantification (LFQ) is a straightforward relative quantification strategy that

does not require any additional sample preparation steps. The easiest form of LFQ is

performed by spectral counting, which uses the correlation of the number of tandem MS

19



Introduction

spectra with the abundance of the respective protein [84]. A different approach uses the
MS1 signal intensity of precursor ions over the course of the chromatographic peptide
elution to create an extracted ion chromatogram (XIC). The area of this XIC is then used
for the relative quantification of peptides across different samples (Figure 8D,E) [85].
LFQ strategies based on DDA often suffer from missing values and variability between
individual MS measurements, which impedes reliable quantification across samples.
However, feature detectional gor i t hms such assdédMyti@&Bodbet ween RuU
for peptide identification by using spectral information of other samples [86], and
sophisticated sample normalization strategies, such as MaxLFQ that employs a non-
linear optimization model for intensity normalization across samples [87], greatly
improve the performance of standard LFQ experiments. The &6proteomic ruleré
absolute LFQ approach, uses the relationship between summed histone intensities,
DNA amount and cell numbers to estimate protein copy numbers with surprising
accuracy [88]. In contrast to DDA, LFQ based on DIA uses MS2 level information for
quantification, which enables the recording of multiple quantitative values for a given
precursor peptide and which is usually more robust. This is possible because the data

acquisition scheme continuously covers the whole m/z range (Figure 8 1,J).

Label-based quantification strategies are classified into metabolic and chemical labeling
methods, which both allow the multiplexing of samples. Multiplexing describes the
combination of labeled samples for MS analysis, which reduces overall analysis time as
well as experimental variability. Over the last decades, many chemical labeling
strategies have been described that introduce various labels on protein or, more
commonly, at the peptide level [70]. Common chemical labeling methods for bottom-up
proteomics use isobaric tags, among which amine-reactive tags are most popular [89].
Especially, tandem mass tags (TMT), which consist of three groups that are readily
cleaved by CID-based fragmentation, are widely used [90]. The reporter and mass
normalizer group harbor a label characteristic distribution of isotopes and are connected
to a NH; reactive group that enables the labeling of amines. Labeled peptides have the
same chromatographic behavior and mass-to-charge ratio making them
indistinguishable at the MS1 level. Upon precursor fragmentation for tandem mass
spectrometry, however, sample specific reporter ions are generated and used for
relative peptide quantification across samples. A major drawback of this technique is
ratio compression that arises from co-fragmentation of not completely separated
precursor ions and can lead to under estimation of true fold changes. This issue is often
addressed by additional fragmentation steps of tag containing fragment ions (MS3) [91]

or computational approaches to filter for precursor isolation purity [92, 93]. Chemical

20



Introduction

labeling strategies that rely on the quantification of low m/z reporter ions are typically
only possible with DDA strategies. Here, only individual precursor ions are selected for
fragmentation and resulting reporter ions can easily be assigned to the precursor ions.
This is not possible for DIA, since multiple precursor ions are simultaneously selected
for fragmentation and reporter ion signals cannot be assigned to their respective
precursors. EASI-tag is a chemical labeling strategy compatible with DIA, where labeled

peptides retain a characteristic mass shift after fragmentation [94].

Metabolic labeling strategies, in contrast to chemical labeling, rely on the metabolic
incorporationofst abl e 6éheavyd i sot Gfpr&S), whieh.alppwsearlx c han g e
stage sample multiplexing. Similar to chemical labeling strategies, many metabolic
labeling methods have been developed of which stable isotope labeling by amino acids
in cell culture (SILAC) is the most popular [70,95]. INnSILAC6 1 i ght 6 é@ypicalyo aci d
leucine, lysine or arginine) ar e repl aced with thiearcultueheavyd
medium. Labeled lysine and arginine are commonly employed for standard bottom-up
proteomic experiments using trypsin for digestion. While heavy labeled peptides, except
for deuterium labeled peptides, have the same chromatographic behavior as light
peptides, they can readily be distinguished by their mass-to-charge ratio at the MS1
level. A drawback of such quantification strategies is the increase in MS1 complexity,
which usually results in a decrease of protein identification. Furthermore, these
techniques are often limited to cell culture models, since the labeling of whole
organisms, although possible, is time consuming and expensive. Super SILAC is an
alternative approach to the labeling of whole organisms [96]. Here, a mixture of heavy
labeled cells from different cell lines is spiked into unlabeled samples and used as a
reference standard to enable relative quantification of multiple unlabeled samples
against each other. The spike-in of just a few labeled proteins and peptides is a
frequently used technigue to determine absolute quantities of unlabeled proteins and
peptides in a sample, respectively. The Protein Standard Absolute Quantification
(PSAQ) strategy, for instance, uses heavy labeled full-length proteins of known
concentration as spike-in to quantify a protein of interest [97]. Similarly, heavy synthetic
peptides (AQUA peptides) can be used for absolute quantification on peptide level [98].
Although these spike-in methods in principle allow the absolute quantification of target

proteins, they are limited to the analysis of only few proteins or peptides.
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Figure 10 Common quantification strategies in proteomic experiments

Blue and yellow boxes represent different experimental conditions. Solid horizontal lines indicate sample
combination. Dotted vertical lines and boxes highlight process steps where experimental variation could
lead to quantification errors. Adopted from [99]
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1.3 Post-translational modifications

The vast set of PTMs allows for a fine-tuned and dynamic adaption of the proteome to
a changing environment. PTMs are involved in a plethora of cellular processes and
dysregulation of these can have detrimental effects on biological systems.
Understanding the intricate regulations and biological implications of PTMs is a
challenging task and requires sophisticated experimental procedures. Mass
spectrometry has proven to be a key technique for the study of PTMs and especially
bottom-up strategies are irreplaceable for the system-wide analysis of PTM landscapes.
However, the analysis of PTMs using bottom-up proteomics faces several challenges.
Due to the notoriously low abundances of PTMs, additional enrichment strategies are
required for their detection via mass spectrometry. In fact, efficient and robust
enrichment strategies are a crucial aspect to elucidate the full extent of a modification.
The impact of an appropriate enrichment strategy is obvious when looking at the
tremendous gain of analytical depth brought by the development of a modification

specific antibody for ubbageseéedi nbmguiamiah gmeé s

Furthermore, quantification of PTMs often only relies on the robust identification of a
single modified peptide, whereas for protein identification and quantification multiple
peptides can be used. Especially DDA methods with semi-stochastic precursor picking
are prone to missing values across samples. To improve the reproducibility of peptide
identification DDA strategies are often combined with metabolic or chemical labeling
strategies. Additionally, in contrast to the mere identification of a peptide, the confident
localization of a modification typically requires a higher peptide sequence coverage by
fragment ions.

Depending on the PTM of interest, specialized workflows need to be established. For
two of the most widely studies PTMs, phosphorylation and ubiquitination, continuous
improvements of experimental workflows and instrumentation now allow routine

identification of thousands of modification sites.

1.3.1 Ubiquitniopeni ng Pandorads BoXx

Ubiquitin was first described by Goldstein and colleagues in 1975 as fia u
constituent [@d00]. Ih faet,ithe gequerece of sibquitin genes implied a
strongly constrained evolution and the short 76 amino acid long protein sequence with
72 conserved amino acids between yeast, animals and plants is nearly identical [101-
103]. Soon after the first reports of free ubiquitin, ubiquitin was also found to be

covalently conjugated to other proteins [104, 105], which was subsequently proposed to

ni ver
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be a signal for downstream proteases [106]. Between 1981 and 1983 Hershko,
Ciechanover and Rose described a multistep process for the tagging of ubiquitin to
proteins featuring E1, E2 and E3 enzymes i the ubiquitin system [107-109]. This work
was awarded with the Nobel Prize in 2004. In the following years, the proteasome was
identified to be the ATP-dependent protease responsible for ubiquitin-dependent protein
degradation [110, 111].

Research on ubiquitin has revealed an unexpected relevance of this small protein to a
broad range of cellular processes that could not have been foreseen at its first discovery.
The ubiquitin-proteasome-system (UPS) has revolutionized the view on protein
degradation and opened up an immensely complex field of research [112]. It is now
evident that ubiquitin and the UPS are involved in a plethora of intricate processes and
actively regulate cellular homeostasis. Deregulation of this finely regulated system can
lead to a multitude of diseases making the study of ubiquitin in all its facets a primary
challenge of research.

1.3.1.1 The ubiquitin system

The attachment of ubiquitin to a substrate protein is a multistep mechanism sequentially
mediated by members of three enzyme classes: ubiquitin-activating enzymes (E1s),
ubiquitin-conjugating enzymes (E2s) and ubiquitin ligases (E3s) [113] (Figure 11).
Today, two E1s, close to 30 E2s and over 600 E3s have been identified in the human
genome. In the conserved first step of the ubiquitination cascade, an E1 activates
ubiquitin in an ATP-dependent manner to form a thioester bond between the C-terminal
carboxyl group of ubiquitin and a cysteine residue of the E1. Thereafter, ubiquitin is
transferred onto an active site cysteine of an E2 via a transthiolation reaction. In the final
step, an E3 interacts with the ubiquitin loaded E2 and a substrate protein to transfer the
ubiquitin onto an amine group of a lysine residue in the substrate protein. Instead of a
comparably weaker thioester bond seen for E1-UB and E2-UB conjugates, this last
ubiquitin transfer results in the formation of an energetically more favorable iso-peptide
bond.

E3s govern the efficiency and specificity of the ubiquitination process, and are
commonly, depending on the presence of functional domains, differentiated into three
main classes: RING (really interesting new gene), HECT (homologous to the E6AP
carboxyl terminus) and RBR (Ring-between-Ring) ligases [114]. RING E3s are by far
the largest group (>600) of ubiquitin ligases and characterized by their RING or U-box
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fold catalytic domain. These ligases transfer ubiquitin in the final step of the
ubiquitination cascade directly from the E2 to a substrate protein. Members of the HECT
(>30) and RBR (>10) groups, in contrast, first transfer ubiquitin via a transthiolation
reaction onto a catalytic cysteine residue on the E3 before passing the ubiquitin to the
substrate protein [114].

Ubiquitin is most commonly conjugated to substrate proteins through the epsilon-amine
group of a lysine sidechain. However, ubiquitin may also be conjugated to non-lysine
residues. For instance, some E3 ligases target the thiol group of cysteines [115, 116] or
alpha-amino groups of N-terminal residues [117] of substrate proteins. In addition,
substrate proteins can be ubiquitinated through the formation of hydroxyester bonds on
serine and threonine residues [118] and bacterial enzymes of the SidE family can link
ubiquitin via Arg42 to serine and tyrosine through the formation of phosphoribosyl
linkages [119, 120].

The process of ubiquitination is reversible which is mediated by a family of ubiquitin
specific proteases, so called deubiquitinases (DUBs) [121]. DUBs are classified into two
main classes i cysteine proteases and metalloproteases. The former comprise the four
families of ubiquitin-specific proteases (USPs), ubiquitin C-terminal hydrolases (UCHSs),
Machado-Josephin domain proteases (MJDs) and ovarian tumor proteases (OTU), the
latter the families of Jabl/Mov34/Mprl Padl N-terminal+ (MPN+) (JAMM) domain

proteases [122]. The approximately 100 DUBs are essential to maintain the balance of
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Figure 11 Ubiquitination system

A ubiquitination cascade transfers ubiquitin via ubiquitin-activating enzymes (E1), ubiquitin-conjugating
enzymes (E2) and ubiquitin ligases (E3) onto a substrate protein. The three main groups of E3 ligases,
HECT, RING and RBR and their mode of action are displayed. Ubiquitin in substrate proteins can be
removed by deubiquitination enzymes (DUBs). Adopted from [113]
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1.3.1.2 The ubiquitin code

Protein ubiquitination starts with the covalent addition of one ubiquitin molecule to a
substrate protein, but by no means has to end here. On the contrary, monoubiquitinated
proteins can be subject to further ubiquitination processes targeting additional lysine
residues of the substrate protein, creating a multimonoubiquitinated protein (Figure 12).
Moreover, an attached monoubiquitin can itself be ubiquitinated, which leads to the
formation of ubiquitin chains. Such chains can have a multitude of structures, depending
on the length of the ubiquitin chain and the linkage type(s). Generally, two ubiquitin
molecules can be linked via 8 distinct linkage types, a linear link through an N-terminal
alpha-amino group or a link through an epsilon-amino group of one of u b i q useuen
lysine residues (K6, K11, K27, K29, K33, K48, K63). Polyubiquitin chains containing
only one linkage type are referred to as homotypic. Otherwise, if different linkage types
occur, they are termed heterotypic or mixed polyubiquitin chains. Moreover, a single
ubiquitin in a chain can be modified multiple times resulting in the creation of branched
chains. Thus, a myriad of different chain topologies can arise, which is further
complicated by possible modifications of the ubiquitin molecule by other PTMs such as
phosphorylation, acetylation or ubiquitin-like proteins such as Sumo2/3 or Nedd8 [123]
(Figure 12).

It is well established that specific chain topologies and modifications confer specific
functionalities. Homotypic K48-linked ubiquitin chains, for instance, mark proteins for
proteasomal degradation [124] and phosphorylation of Ser65 on ubiquitin plays an
essential role in mitophagy [125]. However, the informational content encrypted in the
different chain formations i the ubiquitin code i is far from being fully understood.
Unraveling of the ubiquitin code will help us to better understand the physiological
implications of ubiquitination in health and disease. Therefore, many tools have been
developed to study ubiquitination events. Among those, MS has had the most profound
impact in deciphering the ubiquitin code [123].
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1.3.1.3 MS-based ubiquitinome analysis

Since the discovery of ubiquitin and the first ubiquitinated protein, it soon became clear

that protein ubiquitination is not an isolated phenomenon. The detection of ubiquitination

events, however, is a challenging task and requires sophisticated analysis strategies. In

general, ubiquitin modifications are of low abundance and require elegant enrichment

strategies. Due to the dynamic and highly variable nature of ubiquitination events,

allowing the formation of various chain topologies ( s e e

6The

u banrichmerit

strategies have to be carefully chosen to address different aspects of ubiquitin signaling.

In this regard, MS in combination with various biochemical methods has become an

extremely powerful tool for the analysis of ubiquitination events [126].

A central goal in the study of the ubiquitin system is the system-wide identification of

ubiquitinated proteins, the ubiquitinome. Typically, bottom-up proteomic approaches are

used for the analysis of the ubiquitinome. Here, the presence of a ubiquitin modification

is indirectly observed through the detection of a characteristic diglycine (diGly) remnant

on peptides. This diGly remnant, in fact, was already reported in 1977 upon tryptic
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digestion of the first reported ubiquitinated protein [104]. However, the low abundance
of ubiquitinated proteins make an upfront enrichment imperative. In 2003, the first MS-
based large-scale study on protein ubiquitination reported 110 ubiquitination sites upon
enrichment of 6xHis tagged ubiquitin [127]. In the following years, this approach and
variations of it using different ubiquitin tags led to the identification of hundreds of
ubiquitination sites [128-133]. Other studies forwent tagged ubiquitin strategies and
instead used ubiquitin antibodies or other ubiquitin-binding entities to enrich directly for
ubiquitinated proteins [134, 135].

The development of an antibody in 2010 that was raised against the diGly remnant on
modified lysines marked a revolution in the MS-based analysis of the ubiquitinome [136].
Although this first study only resulted in the identification of a few hundred ubiquitination
sites, it laid the foundation for further improvements in following years. The generation
of more robust diGly motif-specific antibodies and sample preparation procedures
resulted in the identification of tens of thousands of ubiquitination sites [137-141].
Although the employment of the diGly antibody has dramatically advanced the study of
the ubiquitinome, this method has several limitations. For instance, different diGly
antibodies display different sequence preferences for enrichment and they cannot
enrich for N-terminal ubiquitination [139]. In addition, modifications of the ubiquitin-like
(Ubl) proteins NEDD8 and ISG15 produce the same diGly remnant upon tryptic
digestion as ubiquitination. Although the contribution of diGly peptides originating from
these Ubl proteins to the total pool of diGly peptides is below 6%, an unambiguous
assignment of the detected diGly site to the underlying modification is not possible [137,
142]. Akimov at al. recently generated an antibody that recognizes a ubiquitin distinctive
13 amino acid long remnant after LysC digestion, which is as well able to detect N-

terminal ubiquitination [143].

An inherent problem to bottom-up proteomic strategies for ubiquitinome analysis is the
loss of information concerning the ubiquitin chain topology upon enzymatic digestion.
However, several biochemical methods can be combined with mass spectrometry to
gain insight into the ubiquitin chain architecture. Early attempts enrich for ubiquitin
employed recombinant proteins containing ubiquitin-binding domains (UBAs) and
ubiquitin-interacting motives (UIMs) [128, 130]. Further developments and the
combination of multiple UBAs and UIMs to tandem-repeated ubiquitin-binding entities
(TUBEs) and tandem ubiquitin-interacting motifs (tUIMs), respectively, provide useful
tools for the enrichment of polyubiquitin chains [144, 145]. Depending on the

composition of tUIMs or TUBES, specific chain types such as such as linear [146], K29-
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linked [147], K48-linked [148] or K63-linked [149] polyubiquitin chains can be targeted.
Other approaches use linkage-type specific antibodies or affimers for the enrichment of
specific ubiquitin chain types [150, 151]. The aforementioned strategies have their
strength in the classification of homotypic chain types, although only few branched chain
types can be identified with these approaches [150, 151]. A more generic approach to
identify branched ubiquitin chains is Ubiquitin Chain Enrichment Middle-down Mass
Spectrometry (UbiChEM-MS) [152]. This technique uses ubiquitin binding domains for
the enrichment of ubiquitinated proteins and combines minimal tryptic digestion and
middle down mass spectrometry to identify multiple branch points on ubiquitin
molecules. Multiple branch points on ubiquitin proteins can also be detected by a
recently described method, termed UB-clipping [153]. This method uses the engineered
viral protease LbP™® to disassemble ubiquitin chains, while leaving the characteristic
DiGly remnant on modified ubiquitin, which can then be identified via intact mass

spectrometry.

System-wide ubiquitinome studies are frequently coupled with labeling approaches for
guantification to reduce the impact of missing values across samples in DDA. In this
regard, SILAC has often been favored, because the special enrichment procedure for
diGly peptide enrichment complicates TMT labeling. Since the TMT reagent also labels
the N-terminal amine of the DiGly remnant, the antibody-binding site for the diGly
peptide enrichment will be obscured. Thus, workflows incorporating TMT labeling for
guantification perform the labeling step after peptide enrichment, accepting more

enrichment variation. To side-step the above issues, we developed a novel analysis

strategy forsystem-wi de ubi quitinome analysis using

Amongst other benefits, DIA does not require labeling for consistent identifications
across multiple samples, while providing excellent quantitative accuracy. Finally, there
are also methods for the absolute quantification of the ubiquitin pool such as Ub-PSAQ
[154].

1.3.2 Phosphorylation

The first characterization of reversible protein phosphorylation by Fischer and Krebs in
1955 [155] initiated a new field of research and was rewarded with the Noble Prize.
Today, protein phosphorylation is one of the most widely studied PTMs. The process of
phosphorylation, the addition of a phosphate group to a protein, and dephosphorylation,
the removal of a phosphate group, are mediated by kinases and phosphatases,

respectively. Over 500 kinases [156] and more than 180 phosphatases [157]. The vast
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majority of reported phosphorylations is covalently linked to serine, threonine and
tyrosine residues via a phosphate ester bond, but also non-canonical phosphorylation
creating a phosphoramidate (histidine, lysine, arginine), phosphorothioate (cysteine)

and phosphonate (aspartic acid, glutamic acid) have been reported [158].

Protein phosphorylation is clearly one of the most pervasive PTMs and involved in a
plethora of cellular processes including protein binding, turnover, activity, localization,
conformation and crosstalk [159] (Figure 13). Dysregulation of intricate phosphorylation
processes is involved in a wide range of diseases such as various forms of cancer [160].
Tremendous research efforts have led to the development of various therapeutic agents
successfully targeting components of the phosphorylation process, mostly kinases
[161]. It is therefore essential to increase our understanding of the role of
phosphorylation events in health and disease and MS-based phosphoproteomics is a
powerful tool to study proteome wide phosphorylation events.
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Figure 13 Reversible protein phosphorylation mediates various biological functions

Conceptual representation of reversible protein phosphorylation as a switch in signaling. Adapted from [159]

13.2.1 MS-based phosphoproteome analysis

Considering the diverse set of kinases, phosphatases and amino acids that can be

phosphorylated along with the pervasive role taken by phosphorylation in the regulation
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of cellular processes, it is not surprising that the phosphoproteome is highly dynamic
and complex in nature. Depending on the number and distribution of phosphorylation
sites, instances of a protein species can exist in various proteoforms at the same time.
Additionally, the occupancy of individual phosphorylation sites may vary for an individual
protein. Consequently, the large-scale analysis of the phosphoproteome is by no means
trivial and powerful analysis strategies need to be devised to shed light on the intricate

phosphorylation system.

State-of-the-art, system-wide phosphoproteome analysis typically combines bottom-up
MS strategies with upfront phosphopeptide enrichment. Many enrichment strategies
using different physicochemical peptide characteristics for the enrichment of
phosphopeptides have been developed. Those employed most frequently in
phosphopeptide enrichment approaches can be classified into (i) ion-exchange (IEX)
and mixed-mode chromatography (MMC), (ii) antibody and protein domain-based
enrichment and (iii) affinity-based chromatography [162]. Standard enrichment
procedures will primarily lead to the identification of pSer, pThr and pTyr, due to their

more stable linkage type compared to non-canonical phosphorylation.

Based on the negatively charged phosphate group, phosphorylated peptides display on
average a lower charge state than unmodified peptides. This charge state difference
can be exploited in IEX chromatography, for example strong anion exchange (SAX) or
strong cation exchange (SCX) chromatography to enrich phosphorylated peptides [163,
164]. Mixed mode chromatography such as Electrostatic repulsion hydrophilic
interaction chromatography (ERLIC) employ electrostatic effects superimposed on
hydrophilic interaction to enrich phosphopeptides [165]. However, these methods are
nowadays rather used for phosphopeptide fractionation in combination with other
phosphopeptide enrichment strategies, such as affinity-based techniques. Popular
affinity-based chromatography techniques include Immobilized Metal lons Affinity
Chromatography (IMAC) and ion Metal Oxide Affinity Chromatography (MOAC) that can
either be used in combination with sample fractionation or as stand-alone methods.
IMAC exploits the ability of metal ions, such as Fe®*" or Ga®*, to interact with phosphate
groups and separate them from unmodified peptides [166, 167]. In the most common
setup, metal ions are immobilized on stationary material of a column and retain
phosphopeptides in the mobile phase through electronic attraction and metal chelation.
In contrast, metal oxides in MOAC form more stable bidentate bonds with phosphate,
allowing for more acidic buffer conditions during enrichment [168]. A column format for

phosphopeptide enrichment is not a prerequisite; in fact, high-performance methods
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often use functionalized beads in a batch format for phosphopeptide enrichment. For
instance, the EasyPhos method, developed in our group, employs TiO-beads for high-
throughput enrichment of low input material [169]. Since the obtained proportion of pTyr
(<1%) compared to pSer (90%) and pThr (10%) of these methods is generally very low,
specialized antibodies for the specific enrichment of pTyr peptides are often deployed
[170].

The generation of high-quality MS data, allowing efficient peptide identification as well
as phosphosite localization, requires careful selection of the optimal fragmentation
condition in the MS setup. During CID, the labile phospho ester bond tends to break
first, leading to a loss of the modification. In contrast, HCD, ETD and variants of these
provide more complete sets of fragment ions enabling a better localization of

phosphorylation sites [57, 171].

Similar to diGly peptide quantification, several challenges need to be addressed for the

confdentquanti ficati on of MSkasedubiquipnenpetanalgsesd AY s e e

for other PTMs the quantification across multiple samples often relies on the
identification of single peptides. Therefore, metabolic or chemical labeling strategies,
such as SILAC or TMT greatly help to reduce missing values in DDA experiments.
Recently, the use of DIA for phosphoproteome analysis was demonstrated to achieve

excellent phosphopeptide quantification at an astonishing proteomic depth [172].

1.3.2.2 Phosphorylation in mitochondria

The occurrence of mitochondria is closely linked to a major event eukaryotic life. There
are different versions of the endosymbiotic theory that try to explain the emergence of
the small double membrane bound organelle [173]. Beyond any doubt, mitochondria are

integral components of many pivotal cellular processes. Although they are best known

for their functi on asbiokmemgetics pathwvays they alsohavd h e

important functions in biosynthetic pathways, apoptosis and signaling [174].
Dysregulation of mitochondrial function can lead to a wide variety of mitochondrial
diseases. Strikingly, many of these display tissue specificity, suggesting that the function
or importance of mitochondria differ in a cell type or tissue specific context [175]. It is
known that the abundance of mitochondria differs between cell types and early MS-
based proteomics experiments showed that the mitochondrial make-up varies
depending on the cellular context [176-178]. It is unlikely that these variances solely
account for functional plasticity of mitochondria and there is mounting evidence that

mitochondrial functions are frequently regulated by PTMs [179]. Mass spectrometry
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potentially offers a powerful platform for the in-depth analysis of the mitochondrial

proteome as well as its associated PTMs.

The MS-based study of mitochondria often requires special mitochondria isolation
procedures to minimize the masking of mitochondrial proteome changes by the bulk
proteome. Common isolation strategies deploy differential centrifugation (DC), DC in
conjunction with ultracentrifugation on for e.g. Percoll gradients or magnetic bead-
assisted methods (MACS) [180]. Novel approaches use tagged outer mitochondrial
membrane proteins (MitoTags) for the specific enrichment of the organelle [181]. These
methods strongly enrich mitochondria; however, they cannot completely exclude the
enrichment of mitochondria associated non-mitochondrial proteins. Efforts in defining
the mitochondrial proteome, using various biochemical and computational approaches,
led to databases like MitoCarta2.0 [182] and IMPI (http://impi.mrc-mbu.cam.ac.uk/),
both integrated in Mitominer4.0 [183]. Such efforts resulted in the annotation of more
than 1000 proteins as mitochondrial of which only 13 are encoded by the circular
mitochondrial DNA [184].

Similar efforts have been made to define the landscape of PTMs on mitochondrial
proteins. Especially the analysis of the mitochondrial phosphoproteome is of great
interest. Various studies have investigated the mitochondrial phosphoproteome and
phosphosignaling in mitochondria generating mounting evidence that protein
phosphorylation conveys important functionalities in mitochondrial biology [179]. For
instance, the counterbalancing processes of mitochondrial fusion and fission, which are
involved in organelle distribution, size balancing and maintenance of a healthy
mitochondrial network, are regulated through phosphorylation events [185, 186]. Drp1,
an essential protein in the initiation of mitochondria fission, translocates to the outer
mitochondrial membrane (OMM) upon phosphorylation of serine 622 [187-189]. There,
Drp1l is bound by Mff, which itself needs to be phosphorylated on serine 129 and 146
[190-192]. However, the investigation of such mitochondrial phosphorylation processes
is usually restricted to individual cell types or tissues, making the evaluation of tissue-
or cell type-specific regulations on phosphoproteome level difficult. Thus, we here
addressed this issue by generating a resource for the community that allows the analysis
of the mitochondrial proteome and phosphoproteome across 7 different tissues

(submitted manuscript).
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2 Aims of this thesis

The use of mass spectrometry for the identification of proteins has arguably created the
field of proteomics. Continuous improvements in sample preparation procedures,
instrumentation and analysis software nowadays allow the capture of whole proteomes
within hours. These advances also unveiled the staggering complexity induced by PTMs
on the proteome. However, the detection and analysis of the vast set of proteoforms
remains challenging and of utmost importance for deciphering the profound implications
of PTMs on the regulation of these biological processes. Thus, the overarching aim of
this thesis is the advancement of MS-based proteomics for the analysis of PTMs with a
special focus on protein ubiquitination and phosphorylation.

Since the introduction of the diGly remnant-specific antibodies, immunoprecipitation of
diGly peptides for large-scale ubiquitinome studies has become the gold standard.
Despite the great success of DIA methods for the analysis of proteomes and
phosphoproteomes, only DDA strategies had been used for ubiquitinome studies. We
reasoned that DIA should considerably improve currently employed DDA schemes and
successfully set out to devise a DIA-based in-depth ubiquitinome analysis workflow
(Publication 1). Compared to standard label-free DDA workflows, our DIA workflow for
ubiquitinome analysis almost doubled the number of identified modification sites, while
providing a more precise and accurate quantification. As the pandemic hit the world, we
joined a collaborative effort, led by Prof. Andreas Pichlmair, to understand the host
perturbations by SARS-CoV-2 and SARS-CoV by means of mass spectrometry. We
swiftly adapted the DIA workflow for ubiquitinome analysis to the, at that time, newly
available Orbitrap Exploris 480 mass spectrometer and used a method termed FAIMS
to enable library generation with limited sample amounts. We further adopted this
technique for phosphoproteome analysis. The resulting, well-recognized Nature
publication remains to date the only study providing matching proteome,
phosphoproteome and ubiquitinome data for SARS-CoV-2 infected cells (Publication 2).
Apart from the unbiased, hypothesis free analysis of the ubiquitihnome, mass
spectrometry can also be used to answer specific questions regarding the modification
state of individual proteins. For instance, to elucidate the functional role of RIPK2 in
inflammatory signaling, we used a global ubiquitinome analysis strategy to identify
modification sites on RIPK2 (Publication 3). Similarly, we also used an approach
combining an immunoprecipitation step of a His-tagged TRAF2 and a diGly peptide
enrichment step to identify modification sites on TRAF2 (Publication 4). The

identification of specific modification sites on proteins offers profound insight in the
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functionality of a protein. Our close collaboration in multiple projects with Prof.
Schulmand group impressively shows how information on protein ubiquitination sites
can be used to shed light on complex protein structures (Publications 5, 6). Here, in vitro
ubiquitination assays, along with tailored protein digestion strategies were used to
identify ubiquitination sites on proteins of interest. In particular, the identification of
ubiquitination sites on Fbp1 helped to unveil a novel E3 assembly architecture for a GID
E3 ligase (Publication 6). In yet another collaboration with the Schulman group, we
investigated the influence of different lysine side chain length on the formation of
ubiquitin chains. For this, we established a targeted MS method using stable isotope
labeled peptides to quantify the linkage type of diubiquitin chains (Publication 7).
Another focus of this thesis, apart from protein ubiquitination, is protein phosphorylation,
the most widely studied PTM. Although the pervasive implications of protein
phosphorylation on cellular signaling are well accepted, its study in the context of
mitochondria has only recently gained traction. In light of the diverse set of mitochondrial
diseases, it appears apparent that mitochondrial function depends on the cellular
environment. Compositional differences on the mitochondrial proteome across different
tissues are well known, but no comparable data existed on the mitochondrial
phosphoproteome level. To address this, we acquired matching mitochondrial proteome
and phosphoproteome data of seven different tissues (Publication 8). This valuable
resource shows many differences of the mitochondrial composition across tissues on
mitochondrial proteome and phosphoproteome levels and we have made it readily
accessible via a custom-made website.

A further aspect of this work is the construction of chromatography columns, which are
key components of high-performance PTM analysis and proteomics in general. Here, |
collaborated with a former PhD student of our group, Johannes Miiller-Reif, to establish
a novel multiplexed column packing procedure that allows the construction of high-
performance columns in a minute timeframe (Publication 9).

Lastly, | also contributed to the AlphaMap analysis software tool, which was jointly
devised by Eugenia Voytik and Dr. Isabel Bludau in our group. This tool greatly
facilitated the computational analysis and interpretation of various PTMs on proteins
(Publication 10). Dr. Isabel Bludau further extended this for 3D protein annotation based
on AlphaFold2 structures. With this tool we characterized various PTMs and their 3D

organization on a proteome-wide scale (Publication 11).
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Published in Nature Communications (2021)

Protein ubiquitination is an immensely complex PTM and involved in a plethora of
cellular processes. Dysregulation of the intricate ubiquitination system can have
detrimental effects on cellular homeostasis and is involved in severe diseases including
cancers and neurodegenerative disorders. To better understand the regulation of the
complex and widespread ubiquitination processes on a system-wide scale, it is essential
to develop methods that allow an accurate, reproducible and in-depth analysis of the
ubiquitinome. The enrichment of peptides carrying a diGly remnant after tryptic digestion
with a diGly remnant-specific antibody marked a revolution of MS-based analysis of the
ubiquitinome and is today the gold standard (see section 1.3.1). Nevertheless, the large-
scale analysis of the ubiquitinome remains challenging. In recent years, DIA has
excelled as a powerful alternative to DDA. Previous reports of high sensitivity and robust
proteome as well as phosphoproteome studies suggested great potential of DIA for
ubiquitinome analysis.

To this end, we devised a DIA-based workflow for ubiquitinome analysis. Compared to
DDA we almost doubled diGly peptide identification numbers allowing the identification
of approx. 35,000 diGly peptides in a single-shot format, while also improving
quantitative precision and reproducibility. We applied the DIA-based ubiquitinome
analysis to the investigation of TNF signaling and obtained markedly more significantly
changing ubiquitination sites than with DDA. Moreover, we challenged our ubiquitinome
analysis pipeline by investigating the ubiquitinome of the circadian rhythm. This
identified hundreds of cycling ubiquitination sites many of which are organized in
clusters. With this work we provide the community with a powerful workflow for large-

scale unbiased ubiquitinome analysis.
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Data-independent acquisition method for
ubiguitinome analysis reveals regulation of
circadian biology

Fynn M. Hansen!, Maria C. Tanzer!, Franziska Briining® "2, Isabell Bludau, Che Stafford?,
Brenda A. Schulman® 4, Maria S. Robles® 2%, Ozge Karayel® '™ & Matthias Mann® 1™

Protein ubiquitination is involved in virtually all cellular processes. Enrichment strategies
employing antibodies targeting ubiquitin-derived diGly remnants combined with mass
spectrometry (MS) have enabled investigations of ubiquitin signaling at a large scale.
However, so far the power of data independent acquisition (DIA) with regards to sensitivity in
single run analysis and data completeness have not yet been explored. Here, we develop a
sensitive workflow combining diGly antibody-based enrichment and optimized Orbitrap-
based DIA with comprehensive spectral libraries together containing more than 90,000
diGly peptides. This approach identifies 35,000 diGly peptides in single measurements of
proteasome inhibitor-treated cells - double the number and quantitative accuracy of data
dependent acquisition. Applied to TNF signaling, the workflow comprehensively captures
known sites while adding many novel ones. An in-depth, systems-wide investigation of
ubiquitination across the circadian cycle uncovers hundreds of cycling ubiquitination sites
and dozens of cycling ubiquitin clusters within individual membrane protein receptors and
transporters, highlighting new connections between metabolism and circadian regulation.
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translational modification (PTM) involved in virtually all

cellular processes. A ubiquitin conjugation cascade,
involving ubiquitin activating (E1), conjugating (E2), and ligating
(E3) enzymes, mediates the covalent attachment of the 76 amino
acid long ubiquitin molecule to a g-amine group of a lysine
residue on a substrate protein. Its removal is mediated by an
enzyme family called deubiquitinating enzymes (DUB). Ubiquitin
itself can be ubiquitinated N-terminally or via one of its seven
lysine residues, giving rise to a plethora of chain topologies, which
encode a diverse and specific set of biological functions!?2.
Deregulation of this highly complex process has been linked to
numerous diseases including neurodegenerative diseases®?,
autoimmunity>5, and inflammatory disorders’~°.

Protein ubiquitination is one of the most widely studied PTMs
in the field of mass spectrometry (MS)-based proteomics. How-
ever, due to low stoichiometry of ubiquitination and varying
ubiquitin-chain topologies, comprehensive profiling of endogen-
ous ubiquitination is challenging and requires one or more
enrichment steps prior to MS analysis'’. Early reports to catalog
ubiquitin conjugated proteins from yeast and human described
various enrichment methods including the use of epitope-tagged
ubiquitin or ubiquitin-associated domains (UBA)!!-13. After
trypsinization previously ubiquitinated peptides bear a signature
diGly remnant that can be targeted by a specific antibody'%.
Enrichment strategies employing such antibodies have enabled
identification of thousands of ubiquitination sites by MS!>-17. A
recently described antibody targets a longer remnant generated by
LysC digestion to exclude ubiquitin-like modifications such as
NEDDS or ISG15!8, however, the contribution of diGly sites
derived from ubiquitin-like modifications is very low (<6%)!°.

The commercialization of such antibodies has accelerated MS-
based ubiquitinome analysis and enabled a variety of quantitative,
systems-wide studies!®-23. However, large-scale analysis of ubi-
quitination events to study key signaling components remains
challenging since in-depth diGly proteome coverage requires
relatively large sample amounts and extensive peptide fractiona-
tion. These requirements, which largely stem from the low stoi-
chiometry of the modification, come at the expense of
throughput, robustness, and quantitative accuracy.

Thus far, ubiquitinome studies have employed data-dependent
acquisition (DDA) methods combined with label-free or isotope-
based quantification?®. Recently, data-independent acquisition
(DIA) has become a compelling alternative to DDA for pro-
teomics analysis enabeling greater data completeness across
samples?>~28, In contrast to intensity-based precursor picking of
DDA, DIA fragments all co-eluting peptide ions within pre-
defined mass-to-charge (m/z) windows and acquires them
simultaneously?®. This leads to more precise and accurate
quantification with fewer missing values across samples and
higher identification rates over a larger dynamic range. DIA
usually requires a comprehensive spectral library, from which the
peptides are matched into single-run MS analyses. Recently,
superior performance of DIA for sensitive and reproducible MS
measurements has also been demonstrated for global protein
phosphorylation analysis*®. Given the central importance of
ubiquitination, we here set out to investigate the power of DIA for
improving data completeness and sensitivity in a single-run
analysis format.

For sensitive and reproducible analysis of the ubiquitin-
modified proteome, we here devise a workflow combining diGly
antibody-based enrichment with a DIA method tailored to the
unique properties of the library peptides and to the linear
quadrupole Orbitrap mass analyzer. We acquire extensive spec-
tral libraries that altogether contained more than 90,000 diGly
peptides allowing us to reproducibly analyze 35,000 distinct diGly

| |biquitination is a reversible and highly versatile post-
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peptides in a single measurement of proteasome inhibitor-treated
cells. The DIA-based diGly workflow markedly improves the
number of identifications and quantitative accuracy compared to
DDA. To investigate if our method would have advantages in the
exploration of biological signaling systems, we first apply it to the
well-studied TNF-signaling pathway, where it retrieves known
ubiquitination events and uncoveres novel ones. We then extend
it to the analysis of circadian post-translational dynamics, so far
poorly studied globally with regards to ubiquitination. This
uncovers a remarkable extent and diversity of cycling ubiquiti-
nation events. These include closely spaced clusters with the same
circadian phase, which are likely pointing to novel mechanisms.
Together, our design and results establish a sensitive and accurate
DIA-based workflow suitable for investigations of ubiquitin sig-
naling at a systems-wide scale.

Results

DIA quantification enables in-depth diGly proteome coverage
in single-shot experiments. To obtain a comprehensive, in-depth
spectral library for efficient extraction of diGly peptides in single-
shot DIA analysis, we treated two human cell lines (HEK293 and
U20S) with a common proteasome inhibitor (10 uM MG132,
4h). After extraction and digestion of proteins, we separated
peptides by basic reversed-phase (bRP) chromatography into 96
fractions, which were concatenated into 8 fractions (“Methods”,
Supplementary Fig. 1a). Here, we isolated fractions containing the
highly abundant K48-linked ubiquitin-chain derived diGly pep-
tide (K48-peptide) and processed them separately to reduce
excess amounts of K48-peptides in individual pools, which
compete for antibody binding sites during enrichment and
interfere with the detection of co-eluting peptides (Supplementary
Fig. 1b). We found this to be a particular issue for MG132
treatment, as blockage of the proteasome activity further increases
K48-peptide abundance in these samples. The resulting nine
pooled fractions were enriched for diGly peptides, which were
separately analyzed using a DDA method (PTMScan Ubiquitin
Remnant Motif (K-e-GG) Kit, CST) (Fig. la and Supplementary
Fig. 1a-b). This identified more than 67,000 and 53,000 diGly
peptides in MG132 treated HEK293 and U20S cell lines,
respectively (Fig. 1b). Furthermore, to fully cover diGly peptides
of an unperturbed system, we also generated a third library using
the same workflow but with untreated U20S cells (used later for
biological applications). This added a further 6000 distinct diGly
peptides (Fig. 1b). In total, we obtained 89,650 diGly sites cor-
responding to 93,684 unique diGly peptides, 43,338 of which were
detected in at least two libraries (Fig. 1c, see also source data at
PRIDE: PXD019854). To our knowledge, this represents the
deepest diGly proteome to date. According to the Phosphosite-
Plus database®!, 57% of the identified diGly sites were not
reported before and 7.3% of them had previously been found to
be acetylated or methylated, indicating that different PTMs can
act on the same sites. Thus, the growing body of diGly sites can
help to identify sites of potential PTM crosstalk, an important
level of functional regulation of proteins32.

In possession of these large diGly spectral libraries, we
evaluated DIA method settings for best performance in single-
shot diGly experiments (Supplementary Data 1). Impeded C-
terminal cleavage of modified lysine residues frequently generates
longer peptides with higher charge states, resulting in diGly
precursors with unique characteristics. Guided by the empirical
precursor distributions, we first optimized DIA window widths—
the transmission windows that together cover the desired
precursor peptide range. This increased the number of identified
diGly peptides by 6% (Supplementary Fig. 2a-b). Next, we tested
different window numbers and fragment scan resolution settings,
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Fig. 1 In-depth diGly proteomics for DIA identification. a Experimental workflow for in-depth diGly peptide library construction (upper panel) and our
single-run data-independent acquisition (DIA)-based workflow (lower panel). Protein digestion and peptide extraction are followed by basic reversed-
phase (bRP) fractionation and diGly peptide enrichment. For library construction, samples were measured by data-dependent acquisition (DDA) and
computationally processed (Spectronaut Pulsar). Individual samples are measured by our DIA workflow, including matching against a library for
identification (Spectronaut software). b Number of identified diGly peptides in three different spectral libraries (MG132 treated HEK293 library—green,
MG132 treated U20S library—violet, U20S library—light violet, all diGly peptides—gray). ¢ Commonly and exclusively identified diGly peptides for
different libraries (MG132 treated HEK293 library—green, MG132 treated U20S library—violet, U20S library—light violet). d Identified diGly sites (mean
SEM) of MG132 treated HEK293 cells using different DIA library search strategies (n= 6, three workflow replicates measured in analytical duplicates).

Source data are provided as a Source data file.

to strike an optimal balance between data quality and a cycle time
that sufficiently samples eluting chromatographic peaks. We
found that a method with relatively high MS2 resolution of
30,000 and 46 precursor isolation windows performed best (13%
improvement compared to the standard full proteome method
that we started with) (Supplementary Fig. 2¢). Furthermore, we
determined the optimal antibody and peptide input combination
to maximize peptide yield and depth of coverage in single DIA
experiments. To mimic endogenous cellular levels, we used
peptide input from cells not treated with MG132. From titration
experiments, enrichment from 1mg of peptide material using
1/8th of an anti-diGly antibody vial (31.25 pg) turned out to be
optimal (“Methods” and Supplementary Fig. 2d, e). With the
improved sensitivity by DIA, only 25% of the total enriched
material needed to be injected (Supplementary Fig. 2f).
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Using our optimized DIA-based workflow, we identified a
remarkable 33,409 + 605 distinct diGly sites in single measure-
ments of MG132 treated HEK293 samples. This implies that
about half of the sites in the deep, cell line-specific spectral library
was matched into the single runs. Interestingly, even without
using any library, a search of six single runs identified 26,780 + 59
diGly sites (direct DIA, “Methods”). Finally, employing a hybrid
spectral library—generated by merging the DDA library with a
direct DIA search—resulted in 35,111 +682 diGly sites in the
same samples (Fig. 1d, Supplementary Data 2). Compared to
recent reports in the literature??, these numbers double diGly
peptide identifications in a single-run format.

DIA improves diGly proteome quantification accuracy. To
evaluate the reproducibility of the entire DIA-based diGly

3
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workflow, we used MG132 treated HEK293 cells and performed
three independent diGly peptide enrichments followed by DIA
analysis in duplicates. This identified around 36,000 distinct
diGly peptides in all replicates, 45% and 77% of which had
coefficients of variations (CVs) below 20% and 50%, respectively
(Fig. 2a-c, Supplementary Data 3). In contrast, a DDA method
identified substantially fewer distinct diGly peptides and a smaller

4

-4 -3 -2 -1 0
Log, sample dilution

percentage with good CVs (20,000 diGly peptides; 15% with CVs
<20%; Fig. 2a—c). Overall, the six DIA experiments yielded almost
48,000 distinct diGly peptides, while the corresponding DDA
experiments resulted in 24,000 diGly peptides. Furthermore, the
improved reproducibility is apparent from the diGly site data
matrix, which has considerably fewer missing values (Supple-
mentary Fig. 2g).
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Fig. 2 Accurate and reproducible diGly proteomics for DIA quantification. a Number of identified diGly peptides (mean, n= 2) for data-independent
acquisition (DIA, blue, HEK293 hybrid library) and data-dependent acquisition (DDA, red) strategies (n = 6, three workflow replicates measured in
analytical duplicates). Venn diagram depicts the proportion of shared and exclusively identified diGly sites between DIA and DDA approaches.

b Coefficient of variation (CV) value distribution for DIA and DDA approaches. Solid and dotted lines denote median and 1st or 3rd quantile, respectively.
¢ Fractions of CV values below 50% and 20% are shown with solid and dotted lines, respectively. d Dilution series of diGly enriched sample. Plots show
individual ubiquitin-chain linkage type peptides measured via DIA (blue) or DDA (red) (n=3). Top panels depict CV values of replicate measurements.
Bottom panels show individual measurements compared to the expected dilution depicted as dotted line. R? values describe the goodness-of-fit of
measured values to the expected dilution series (dotted line). Source data are provided as a Source data file.

To further investigate the quantitative precision and accuracy
of our method, we turned to ubiquitin-chain linkage derived
diGly peptides. These are the most abundant diGly peptides, all
ranking in the top 20 by abundance and spanning three orders of
magnitude in MS signal (Supplementary Fig. 2h). Diverse chain
linkages confer various functions to proteins; hence, accurate
quantification is important to decode the cellular roles of different
ubiquitin linkage types. We performed a dilution series of a diGly
sample and analyzed each dilution sample using both DIA and
DDA methods in triplicates. Linear regression of measured vs.
expected dilution factors, as a means to directlz compare the
performance of DIA against DDA, resulted in R* values higher
than 0.92 for all seven chain peptides assessed, much higher than
the corresponding values for DDA (R? 0.20-0.84; Fig. 2d,
Supplementary Data 3). Importantly for quantification purposes,
the experimentally observed slope for DIA was much closer to 1
than for DDA.

Together, these analytical results establish that the DIA-
based workflow substantially increased the number of diGly
peptides identified while markedly improving the precision
and accuracy of quantification compared to a DDA-based
workflow.

In-depth ubiquitinome analysis of the TNF-signaling pathway.
The pro-inflammatory properties of TNF are heavily regulated
by dynamic ubiquitination of its receptor-signaling complex
(RSC)333# and global ubiquitinome changes upon TNF stimula-
tion were described previously in a proteomics study?. Encour-
aged by the technical capabilities of our DIA-based diGly
workflow, we here aimed to test our DIA-based diGly workflow
on this well-studied system, to demonstrate benefits of DIA over
DDA based on accurate ubiquitination site quantification and, if
possible, to extend the current knowledge of the TNF-regulated
ubiquitinome (Fig. 3a). Applying both DIA- and DDA-based
diGly workflows together quantified over 10,000 diGly sites in
TNF-stimulated U20S cells (Fig. 3b, Supplementary Fig. 3a,
Supplementary Data 4). Both methods quantified a comparable
number of ubiquitination sites (10,300 in DIA and 9500 in DDA
experiment, Fig. 3b). However, the DIA experiment resulted in
248 significantly upregulated ubiquitination sites (5% FDR,
median fold change 2.5), of which 37 mapped to 23 proteins
known to be involved in TNF/NF«B signaling (Fig. 3c). In stark
contrast, the DDA approach identified only 38 significant upre-
gulated ubiquitination sites (5% FDR and median fold change
4.1), of which 15 mapped to 7 TNF/NFxB signaling proteins. In
line with these numbers, gene ontology (GO) enrichment analysis
had lower FDR values and larger group sizes for terms related to
the TNF/NFkB pathway in the DIA experiment compared to
DDA (Fig. 3d). Similarly, there were more significantly down-
regulated ubiquitination sites (1260 in DIA vs. 517 in DDA, 5%
FDR) and GOBP terms with lower FDR values in DIA than DDA
experiments (Supplementary Fig. 3b and Supplementary Data 4).
This large-scale downregulation of ubiquitination events may be
due to the activation of deubiquitinating enzymes. In line with
FDR threshold lines (Fig. 3c), power analysis exhibits lower fold-
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change values (power of 0.8) for DIA compared to DDA,
demonstrating increased reproducibility for DIA analysis (Sup-
plementary Fig. 3c).

Several members of the TNF-signaling pathway have been
implicated in viral infection and TNF-receptor blockage increases
susceptibility to viral infection3®37. The ‘viral processes’ term was
significantly enriched in our DIA analysis, in line with literature
reporting the involvement of TNF-mediated ubiquitination
during viral infection. Underscoring the depth of the DIA
analysis, the same term failed to reach significance in the DDA
analysis (Fig. 3d, Supplementary Data. 4). In agreement with
previous studies, both DIA and DDA analyses revealed increased
ubiquitination of prominent members of the TNF-RSC, including
TRAF2, RIPKI, and BIRC23%3° (Fig. 3e). Increased protein
ubiquitination was validated for TRAF2 and RIPK1 by western
blot analysis (Supplementary Fig. 3d). DIA allowed the detection
of further ubiquitination events associated with the TNF/NF«B
signaling (Fig. 3c). For instance, the death domain (DD) of RIPK1
mediates interaction with FADD and TRADD*? and we found
K642 in this domain to be ubiquitinated upon TNF stimulation.
Furthermore, DIA but not DDA reveals regulated ubiquitination
of all members—HOIP/RNF31, HOIL-1/RBCK1, and Sharpin—
of the LUBAC complex, a critical E3 ligase complex in TNF
signaling?!42 in agreement with a previous study that showed
LUBAC auto-ubiquitination during inflammation®> (Fig. 3e).
pl05/NFKBI, is a precursor for p50 and inhibitor of NFkB
signaling?* and we observed a striking 16-fold upregulation of
K821 in its DD. Proteasome-mediated limited proteolysis of p105
during NFxB signaling yields the active p50 subunit*>~43 and the
strong regulation of the K821 site suggests its involvement in this
process.

DIA-based diGly analysis also uncovered TNEF-regulated
ubiquitination of numerous proteins known to be involved in
other immune pathways. For instance, Peli2, an E3 ligase
important for TLR and IL-1 signaling pathways?® and its
interaction partner TRAF6 were ubiquitinated upon TNF
stimulation. We also found that STAT2, which mediates signaling
by type I interferons®’, and USP13, which is involved in the
antiviral response by deubiquitinating STING®!, were ubiquiti-
nated at K161 and K3218, respectively. Our results thus suggest
further molecular mechanisms for crosstalk or cross-priming
function of TNF to other immune pathways during viral and
bacterial infections. In summary, our DIA-based ubiquitin
workflow provides an in-depth view on the dynamic ubiquitina-
tion of core and peripheral members of TNF stimulation. Apart
from validating the advantages of DIA over DDA, our results
provide novel regulatory ubiquitination sites, conveying a more
complete picture of the various aspects of TNF signaling,

Circadian rhythms are globally regulated by ubiquitination. In
mammals, circadian clocks are driven by interlocked
transcription-translation feedback-loops. At the cellular and tis-
sue level, they regulate oscillations of gene expression, protein
abundance, and post-translational modifications®2-56. Ubiquiti-
nation plays a pivotal role in the core clock machinery (reviewed
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in ref. 37), exemplified by the ubiquitin-dependent spatiotemporal
regulation of CRY proteins, the major negative clock regulators’S.
Several studies have provided insights into ubiquitin-dependent
events modulating core clock proteins and their effects®-6L.
Given the unexpected degree of phosphorylation-mediated sig-
naling temporally regulated in vivo®2, we wondered if ubiquiti-
nation shows similar oscillations. With the high accuracy and
reproducibility of our DIA-based diGly workflow, we reasoned
that it would now be possible to obtain high coverage ubiquiti-
nome quantification across a large time series sample set to
answer this question.

To this end, we measured the proteome and ubiquitinome of
synchronized U20S cells—a well-established model to study the
cell-autonomous circadian clock—collected every 4 h in biological
quadruplicates across 32h (Fig. 4a). Synchronization was
validated by assessing the expression profile of core clock
transcripts (Bmall and Perl) and further confirmed by PER1
and CLOCK oscillations in our proteome data (Supplementary
Fig. 5a-b). After filtering for ubiquitinated peptides present in at
least half the samples, we obtained 10,886 ubiquitination sites
mapping to 3238 proteins (Fig. 4b, Supplementary Data 5).
Measurements were highly reproducible with median Pearson
coefficients >0.95 for biological replicates (Supplementary Fig. 5b-
c). A total of 7590 proteins were quantified in the proteome, of
which at most 143 oscillated (g-value < 0.33). This small
percentage of circadian regulation at the proteome level is in
line with our previous proteomics results in tissues®> and with
transcriptomics results in this cellular system®2 Next, we
normalized the intensities of the diGly peptides encompassing
each ubiquitination site to their corresponding protein abun-
dance. The resulting quantitative values represent the occupancy
of the ubiquitin sites irrespective of changes in protein abundance
(“Methods”, Supplementary Fig. 5d).

Periodicity analysis showed that 8% of the ubiquitination sites
on 18% of the proteins oscillated in a circadian manner (856 sites;
590 proteins, “Methods”, g-value < 0.1, Fig. 4c, Supplementary
Fig. 5e). A large proportion of rhythmic sites peaked with phases
clustered around 16-20h after synchronization (Fig. 4c and
Supplementary Fig. 5e). Remarkably, 59% of these were annotated
to be membrane proteins, many more than expected by chance
(p < 107172; Supplementary Data 5). Overrepresentation analysis
revealed that these proteins are predominantly involved in
transport of small molecules, such as ions, amines, and organic
acids (Fig. 4d). These findings point to a potential metabolic
function of circadian membrane protein ubiquitination.

A full quarter of rhythmic ubiquitinated proteins harbored
more than one oscillating site (150 sites; Fig. 4e). To investigate
the spatial arrangement of them, we developed a bioinformatic
proximity analysis tool (available as part of our website
for browsing and analyzing the cellular ubiquitinome
http://cyclingubi.biochem.mpg.de). In 17% of these proteins,
rhythmic ubiquitination sites were closer together than expected
by chance (p<0.05) and 73% were annotated as membrane
proteins. Interestingly, we found several examples where these
adjacent sites were mostly located in regions with potential
regulatory function, such as N- and C-termini, cytosolic loops,
and interaction domains (Table 1). For instance, K4, K30, and
K37 of the sodium independent cystine-glutamate transporter
(SLC7A11, 501 aa) are rhythmically ubiquitinated with similar
phases (13.8; 13.3; 13.1h, respectively, Fig. 4f). Likewise, the
potassium chloride symporter NKCC1 (SLC12A2) has a cluster
of eight rhythmically ubiquitinated sites in its C-terminal
domain with similar phases (K948, K958, K966, K971, K976,
K983, K991, K992; Supplementary Fig. 5f). This widely expressed
solute carrier plays a key role in the regulation of ionic balance
and cell volume®?. We also discovered novel oscillating ubiquitin
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modifications in the MAGE domain of MAGEDI, a protein that
directly interacts with the core clock protein RORa, to regulate
Bmall, Rev-erba, and E4bp4 gene expression (Fig. 4g). Interest-
ingly, despite these rhythmic outputs neither the Magedl
transcript, protein expression nor its binding to RORa oscillate®*.
Our results now suggest that MAGEDI activity could instead be
rhythmically controlled in a post-translational manner through
the multiple ubiquitinations in its MAGE domain.

Together, this in-depth view of the circadian ubiquitinome,
made possible by our DIA-based diGly workflow, reveals this
PTM as a major regulatory mechanism driving rhythmic
processes, which include essential cellular processes such as ion
transport and osmotic balance.

Discussion

We here developed a sensitive and robust DIA-based workflow,
capable of identifying 35,000 diGly peptides in single-run mea-
surements. Both the depth of coverage and the quantitative
accuracy are doubled compared to otherwise identical DDA
experiments. Importantly the workflow requires no extra labeling
step or offline fractionation, making it streamlined and easy to
implement. Furthermore, it could be used for quantification of
other PTMs relying on antibody-based enrichment such as lysine
acetylation and tyrosine phosphorylation. A current limitation of
the DIA method is that, like for any DIA-based analysis,
including phosphoproteome analysis?>>30, the best coverage and
quantification is obtained with custom-made, project-specific
spectral libraries. Construction of such spectral libraries requires
some effort, specialized equipment for fractionation and may not
always be possible for samples with low amounts such as primary
cells. Alternatively, gas phase®® or ion mobility fractionation
appear to be promising strategies to simplify the workflows for
project-specific spectral library construction. Furthermore,
library-free approaches may also greatly simplify DIA workflows
in the future. Ongoing efforts to produce prediction tools for
peptide MS/MS spectra and retention times will also greatly
benefit PTM analysis®6-6%,

While TMT-based workflows have the advantage of multi-
plexing compared to DIA workflows, they require peptide
fractionation after labeling for in-depth analysis, limiting
throughput. In contrast, the latest advances in nanoflow liquid
chromatography now increasingly allow rapid, robust, and deep
DIA-based proteome and phosphoproteome profiling, which is
likely applicable to DIA-based ubiquitinome analysis as well.
Furthermore, the LC-MS/MS analysis of our workflow requires
only a few hundred pg and it already enables the analysis of
systems such as human primary cell culture models where protein
material is limited. However, further sensitivity advances are
limited by the initial antibody-based enrichment, which currently
requires 0.5-1 mg of sample. If this step could be scaled down and
the subsequent peptide purification eliminated altogether, sample
amount requirements could become much smaller yet. A work-
flow without a peptide-clean-up step would also aid to further
improve throughput and reproducibility, making the entire
workflow more streamlined.

By converting from a DDA to a DIA workflow we demonstrate
a dramatic increase in the number of ubiquitination sites that can
consistently and significantly be quantified. Given the inherent
sensitivity of our single-run approach allowing system-wide
investigations of ubiquitination dynamics of biological processes,
we applied it to TNF signaling. This provided an in-depth view
on the ubiquitination dynamics of TNF signaling, covering core
and peripheral signaling members, which a parallel DDA analysis
failed to provide. Apart from validating the advantages of
DIA over DDA, our results showed that like phosphorylation,
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ubiquitination signaling events are rapidly induced after TNF
stimulation. Unexpectedly, we still pinpointed novel TNEF-
regulated sites on proteins that were not previously described in
this well-studied pathway. The rich resource provided here could
be further explored to investigate the functions of these ubiqui-
tination events in TNF signaling in health and disease.
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System-wide circadian proteomics studies have so far been
limited to the dynamic regulation of protein and phosphorylation
levels—largely for technological reasons. Our in-depth quantita-
tive diGly analysis of cell-autonomous circadian rhythms now
extends those studies by providing a cell-intrinsic circadian map
of ubiquitination dynamics. Quantifying more than 10,000
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Fig. 4 Quantification of the rhythmic ubiquitinome. a Experimental workflow for rhythmic ubiquitinome analysis. b Proportion of oscillating ubiquitination
sites (g-value < 0.1) quantified in >50% of all samples (left panel, green) and proteins with cycling ubiquitin sites (g-value < 0.1) (right panel, violet) € Rose
plots indicate phase peaks for cycling ubiquitination sites (left panel, green) and proteins (right panel, violet). d Overrepresentation analysis of gene
ontology biological processes (GOBP) filtered for top 10 significant terms. Significance is determined by 5% false discovery rate (FDR) (Fisher's Exact test).
e Proportions of proteins with a single and multiple cycling ubiquitination sites (left panel) and those displaying cycling diGly site clusters (right panel).
f, g Examples of proximity analysis of cycling ubiquitin clusters (http://cyclingubi.biochem.mpg.de). Cycling sites (g-value <0.1, +SEM, n= 4 biologically
independent experiments for each time point) (top) and their location in the protein sequence along with the domain annotation (middle) and proximity
score (average distance, p-value < 0.1) (bottom) for £ SLC7A1 (p-value = 0.0161) and g MAGED1 (p-value = 0.0863). Source data are provided as a
Source data file.

Table 1 Ubiquitination clusters with potential regulatory circadian functions.
Gene name UniprotiD Proximity score  Cycling ubiquitination sites Membrane (GOCC) Region/domain
(p-value)
SLC7AS (LATY) Q01650 0.0015 K19, K25, K30 X N-terminus
SLC16A1 (MCT1) P53985 0.0036 K216, K223, K224 X Cytosolic loop
LAYN Q6UX15 0.0064 K272, K273, K297, K311
EPB41L5 Q9HCM4 0.0073 K508, K510 X
MYHS P35579 0.0079 K555, K651, K760, K821 X Myosin motor,
interaction with LIMCH]1
RTN4 (NOGO) F8W914 0.0094 K327, K332, K336 X Reticulon, C-terminus
ABHD17B Q5VSTé 0.0098 K206, K207 X
SLC3A2 (MDUT) F5GZS6 0.0153 K14, K116 X
SLC7AT (xCT) Q9UPY5 0.0161 K4, K30, K37 X N-terminus
PCNP Q8WW12 0.0182 K94, K96
SCRIB (LAP4) AOAO0G2JNZ2 0.0184 K53, K63 X N-terminus
PLXNB2 015031 0.0189 K1743, K1757 C-terminus
TOM1 060784-2 0.0209 K443, K446 X C-terminus
VLDLR P98155 0.0220 K828, K839 X C-terminus
H2AFY 075367 0.0240 K292, K295 Macro
SLC20A1 Q8WUM9 0.0262 K286, K320, K394, K399, K456 X Cytosolic loop
(GLVR1, PITD)
KSR1 AOAOAOMQWI1 0.0284 K92, K101 X
HAS2 Q92819 0.031 K73, K80
SMARCD2 BO9EGA3 0.0318 K200, K207
TAX1BP1 (T6BP) Q86VP1-2 0.0321 K561, K571
SLC20A2 Q08357 0.0394 K262, K272 X Cytosolic loop
(GLVR2, PIT2)
HSP90AB1 (HSP90B)  P08238 0.041 K568, K577 X Interaction with NR3C1
SLC12A2 (NKCC1) G3XAL9 0.0420 K237, K948, K958, K966, K971, X SLC12
K976, K983, K991, K992, K1125
PCDHBS Q9Y5E4 0.0426 K767, K784 X C-terminus
PPAP2B (LPP3) 014495 0.0455 K8, K15 X N-terminus
SCAMP1 AOAO87WXBO  0.0465 K63, K71 X N-terminus
Proteins with multiple cycling ubiguitination sites (g-value <0.1) in close proximity to each other (p-value < 0.05). Membrane protein annotation by Gene Ontology Cellular Compartment (GOCC) term
“membrane” and region/domain classifications are derived from UniProt and manual annotation.

unique ubiquitination sites in synchronized U20S cells, a stan-
dard cellular model in chronobiology, revealed that 8% of them—
located on 18% of the quantified ubiquitinated proteins—oscil-
lated in abundance. Many of the cycling sites match into the DIA
library of untreated, rather than the library of proteasome
inhibited cells suggesting they could have regulatory, non-
degradative functions.

Our data reveal wide-spread rhythms of ubiquitination in
membrane proteins, transporters, and receptors, all regulating
major cellular processes such as cell volume, ion balance, and
osmotic homeostasis. Intriguingly, often these cycling ubiquiti-
nation sites on membrane proteins are not randomly distributed
over the protein sequence but rather cluster in certain regions
such as the N- and C-terminus. Circadian rhythms in Mg?* and
K* cellular levels and their transport have been reported in a
range of eukaryotic cell types suggesting an evolutionary con-
servation of this mechanism. Moreover, K transport is a key

NATURE COMMUN

mechanism driving electrical excitability oscillations in the
mammalian master clock and Drosophila neurons’®’! and in
turn, plasma membrane potential feeds back to the cellular
clock’%73, Despite their fundamental cellular role, little is known
about the regulatory mechanisms controlling rhythms of ion
levels and size in cells’47>. Our system-level data suggest that
ubiquitination plays a major role in the rhythmic transport of
ions and other compounds in the cell by temporally modulating
the activity of membrane transporters. Such a mechanism would,
for instance, explain the observation that red blood cells lose their
daily electrophysiological rhythm after proteasome treatment’4.
We speculate that ubiquitin-dependent temporal regulation
of transporter function for various substrates (e.g., sodium/
phosphate/chloride—SLC20A1/SLC20A2, monocarboxylates—
SLC16A1, sodium/potassium—ATP1A1, various amino acids—
SLC3A2, SLC7A5, SLC7A11, and organic anions—ABCC3) and
other receptors (e.g., TGFBR2 or PLXNB2) may serve as
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