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Abstract

Abstract

Post-translational modifications (PTMs) are vital control mechanisms which govern all major
aspects of cellular life, including cell division and protein degradation. They play a key role in
increasing functional diversity of the proteome by regulating activity, localization, and interaction
of proteins with other cellular molecules. Aberrant PTMs are associated with a variety of human
diseases, including cancer and neurodegeneration. To better understand the biological function
of PTMs in health and disease, it is crucial to identify the various modifications of proteins. Mass
spectrometry (MS)-based proteomics is the method of choice to quantitatively study PTMs on a
global scale as well as in a targeted manner. Major advances in enrichment strategies,
acquisition methods, instrument performance, and computational analysis tools now enable the
in depth analysis of PTMs and transformed the cell signaling field. However, studying PTMs by
MS remains challenging mostly due to the complexity of workflows, relatively low sensitivity and
data incompleteness in single run analyses. In this thesis, | aimed to develop quantitative
methods that allow the analysis of phospho and ubiquitin modified proteomes with very high
accuracy and sensitivity. Furthermore, | applied these methods to study various challenging

biological and pathophysiological processes including erythropoiesis and neurodegeneration.

Firstly, we developed a highly sensitive workflow for large-scale quantitative phosphoproteomics
based on the EasyPhos platform [1]. We simplified the previously published workflow
substantially and, in parallel, made it more streamlined, scalable, and applicable for higher
sensitivity phosphoproteomics. Our optimized protocol requires only a few hundreds of
micrograms protein material and takes about a day. It enables the analysis of phosphoproteomes
at a depth of tens of thousands of quantified phosphorylation sites. Encouraged by the high
sensitivity and reproducibility of our protocol, we applied it to study human erythropoiesis, so far
poorly understood globally with regards to phosphorylation. We combined fluorescence-activated
cell sorting (FACS)-based cell enrichment with our EasyPhos protocol and the latest proteomics
methods. We quantified and dynamically tracked 7,400 proteins and 27,000 phosphorylation
sites of five distinct maturation stages of in vitro reconstituted erythropoiesis of CD34+ HSPCs.
Our system-wide analysis shed unprecedented light on the stage-specific dynamic

developmental regulation of human erythropoiesis at the protein and post-translational levels.

In addition to large-scale strategies for the analysis of protein phosphorylation, we also developed
an ultra-sensitive MS-based targeted assay to accurately quantify known site-specific
phosphorylations. | used this assay to uncover potential therapeutic targets of the LRRK2 kinase
and to demonstrate their relevance as biological markers for Parkinson’s disease (PD) in the
clinics. Previously, we had identified several Rab GTPases (Rab8A, Rabl10, and Rabl12) as
physiological targets of the Parkinson’s disease kinase LRRK2 [2]. Interestingly, the LRRK2

phosphorylation site on Rab proteins is highly conserved in ~50 Rab proteins. Our systematic
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proteomics analysis using this targeted assay extended the list of Rab protein family members
phosphorylated by LRRK2 at the endogenous level. To monitor LRRK2 activity accurately and
assess LRRK2 inhibitor efficacy in clinical samples, we modified the assay to determine the
phosphorylation occupancy, which represents the percentage of phosphorylated proteins.
Indeed, our sensitive and highly accurate MS-based assay successfully measured the
stoichiometry of phosphorylated Rab proteins in neutrophil cells collected from PD patients and
healthy controls. We showed that pathogenic mutation carriers had more than two-fold increased
pRab10 levels compared to healthy subjects, confirming the relevance of pRab10 as treatment
efficacy and stratification marker. It received much attention through the Michael J. Fox

foundation network, dedicated to combat PD, and will now be used by the PD community at large.

In the second part of the thesis, | present my work on different aspects of ubiquitin signaling,
including the identification of ubiquitinated proteins and of the ubiquitin chain architecture. To
improve the identification and quantification of ubiquitination sites we set out to investigate the
power of a new state-of-the-art MS acquisition method, so called data-independent acquisition
(DIA). This approach increased the reproducibility, quantitative accuracy, and depth of
ubiquitinome analysis in single runs compared to the conventional data-dependent acquisition
method. The application of our DIA-based workflow to the circadian rhythm for the first time
revealed hundreds of cycling ubiquitination sites and dozens of cycling ubiquitin clusters within
individual membrane protein receptors and transporters. Secondly, we studied modification by
UBL3, which is a novel ubiquitin-like molecule. We used a comprehensive MS-based proteomic
analysis to better understand its physiological function and identified proteins that interact with
this unusual modification in human cells. In further collaboration with the Schulman group, we
established a fast and robust DIA workflow to identify the components and targets of the highly
conserved Gid E3 ligase complex - a novel family of multisubunit E3s - that play an essential role
in glucose-induced degradation (Gid) of Fbpl under different metabolic conditions. Lastly, we
developed a targeted MS strategy to quantify the distribution of different ubiquitin chain linkage

types to investigate the potential roles of the acceptor lysine architecture on ubiquitylation.

Towards the end of my PhD journey early this year, the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) emerged and quickly spread, becoming a major global health crisis
of our time. This sudden global emergence of SARS-CoV-2 urgently required an in-depth
understanding of molecular functions of viral proteins and their mechanisms of host manipulation.
To contribute to this endeavor, together with the group of Andreas Pichlmair from the Technical
University Munich, we applied a host of diverse sensitive and quantitative proteomics strategies.
Thereby we characterized how SARS-CoV-2 and the related coronavirus SARS-CoV manipulate
the host proteome and phospho- and ubiquitin-signaling in a systems-wide manner. Our findings
are of great utility for the scientific community and will provide an important basis for further

translational research.
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Introduction

1. Introduction

1.1. Mass spectrometry (MS)-based proteomics

Complete human genome sequences have revealed the existence of over 20,000 protein-coding
genes [3]. However, the number of genes alone does not correlate with the complexity of an
organism. The human proteome in particular is diversified by protein variations via alternative
splicing (isoforms, multiple protein products from a single gene), and post-translational
modifications (PTMs) such as phosphorylation. These modifications together yield millions of

different possible ‘proteoforms’, adding orders of magnitude of complexity to the human proteome

[4].

During the 1990s, changes in mass spectrometry (MS) instrumentation and techniques
revolutionized protein analysis. Especially in the last decades, MS-based methods have gained
comparable popularity as next-generation sequencing in genomics and transcriptomics [5]. MS-
based strategies have developed to explore complete proteomes of unicellular and higher
organisms. Draft maps of the human proteome were generated by proteomic profiling of human
tissues and primary cells using high-resolution mass spectrometry [6, 7]. These studies provided
spectral evidence for the expression of proteins encoded by over 17,000 genes, accounting for
up to 84% of the annotated protein-coding genes in the human genome [6], although reanalysis

of the data revised this number down to about 12,000 genes [8].

MS technology determines the mass/charge (m/z) ratios of ions. Depending on the charge state
of a measured ion, the m/z ratio is converted into its molecular mass with a standard unit of
Dalton (Da). In MS-based proteomics, peptides must first be ionized in their intact form; however,
ionization had been unachievable for labile biomolecules. This obstacle was overcome with the
development of two soft ionization techniques (electrospray ionization (ESI) and matrix-assisted
laser desorption ionization (MALDI)) in the late1980’s [9, 10]. John Fenn received the Nobel Prize
in Chemistry in 2002 for the discovery of ESI. In this technique, analytes (peptides) are directly
ionized from a liquid phase using a high voltage via rapid solvent evaporation. A very high
potential (kilovolt) is applied at the end of the capillary column, generating a spray of charged
droplets. Upon solvent evaporation, the charge density increases, resulting in charged ions that
are transferred into the vacuum of the mass spectrometer. ESI was a milestone for the field of
MS-based proteomics and has become very popular since it can directly be coupled to a liquid
chromatography (LC) system, which is ideally suited to the analysis of complex protein and

peptide mixtures.

In principle, there are two MS-based proteomic strategies top-down and bottom-up proteomics

dealing with proteins and peptides, respectively. In the analysis of intact proteins from complex




Bottom-up or ‘shotgun’ MS-based proteomics workflow

biological systems, top-down proteomics is typically combined with an up-front purification step
[11]. This approach in theory allows for almost complete coverage of protein sequence and is
used to characterize protein isoforms and complexes, unusual PTM conformations, and
especially therapeutic antibodies. However, it remains experimentally and computationally
challenging due to poor ionization properties, intricate charge patterns, and MS/MS spectra of
high molecular mass organic molecules. In contrast, bottom-up (shotgun) proteomics refers to
the proteolytic digestion of proteins before analysis by MS [12]. The term implies that information
on proteins is reconstructed from measured and identified peptide fragments. This approach is
by far the most widely used for in-depth and tissue-specific large-scale proteome analysis. Unlike
the top-down approach, sophisticated instrumentation and expertise to interpret complex MS/MS
spectra are not needed. However, the main limitation of this approach is that the limited coverage
of the protein sequence is usually obtained since only a small and variable proteome fraction can
be recovered. This may cause the loss of significant amount of information about PTMs and

alternative splice variants.

1.1.1. Bottom-up or ‘shotgun’ MS-based proteomics workflow

A typical bottom-up MS-based proteomics workflow has three main steps: (i) sample preparation,
(i) LC-MS/MS analysis, and (iii) data analysis (Figure 1). Sample preparation includes the
extraction of proteins from biological material and the digestion of intact proteins into peptides.
Peptides are first separated by reversed-phase high-performance liquid chromatography (HPLC)
based on their hydrophobicity, typically using C1s modified silica. As the peptides elute from the
chromatographic column, they are ionized via ESI and analyzed by mass spectrometry. Proteins
are identified from the generated peptide mass spectra that provide information about the

abundance, amino acid sequence and PTMs when combined with database searching.
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Figure 1. Top-down vs. bottom-up proteomics workflows (adapted from https://www.creative-

proteomics.com/blog/).

1.1.1.1. Sample preparation methods

Sample preparation is a crucial step in shotgun proteomics. To identify thousands of proteins
from a complex lysate, we need robust sample preparation methods. These include protein
extraction, reduction of disulfide bonds, and selective alkylation of cysteines without non-specific
modification of other amino acids, reproducible proteolysis (digestion), and clean-up for complete
removal of contaminants including detergents, lipids, and salts before LC-MS/MS analysis.
Sample preparation protocols need to be adapted to sample type and amount. Yet, regardless
of the protocol used, the quality of MS analysis and reliability and accuracy of results are highly
dependent on consistent sample preparation. Any variability associated with this step should be
further addressed by the community for this technology to reach its full potential in research and

clinical settings.

All protocols first require the lysis of the biological material and efficient extraction of proteins.
Depending on the sample type, mechanical breakdown, such as sonication, bead-milling, or
heating that increases lysis efficiency can be performed. Next, the cysteines of the extracted
proteins are reduced and alkylated to disrupt disulfide bridges and prevent reforming of these
reduced disulfide bridges. Reducing agents such as tris(2-carboxyethyl)phosphine (TCEP) and
dithiothreitol (DTT) and alkylating agents such as iodoacetamide (IAA) and chloroacetamide
(CAA) are typically used in proteomics. For proteolytic digestion of proteins, trypsin is the enzyme
of choice. It has high cleavage specificity for the C-terminus of lysines and arginine. It sometimes

generates peptides that are not of ideal length (less than seven or longer than 25 amino acids)
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Sample preparation methods

for effective and informative MS analysis. In that case, other enzymes such as chymotrypsin,
AspN, Lys-N, Lys-C, Arg-C, or Glu-C can be employed to increase overall protein sequence

coverage [13].

Protein analysis by SDS polyacrylamide gel electrophoresis is a routine method in biology
research. The development of sample preparation workflows utilizing SDS polyacrylamide gel
electrophoresis have accelerated MS-based proteomics in its early days [14, 15]. In such
methods, proteins present in the gel are directly degraded by trypsin. They also allow
fractionation of the proteome through the excision of the entire 1D gel in several pieces. However,
in-gel digestion limits throughput, reproducibility and unbiased protein analysis. In-solution
digestion largely overcomes these problems. Chaotropic agents, such as urea, are widely
employed as they can be directly used for extraction and digestion of proteins in one buffer.
However, MS-compatible detergents such as sodium deoxycholate (SDC) perform better
compared to urea and they were shown to enhance trypsin activity many-fold at low concentration
(<1%). They can be removed by acidification. Another protocol that uses SDS for complete
protein solubilization is the ‘Filter-Aided Sample Preparation’ [16]. In FASP, SDS can be washed
away through multiple washing steps with urea because it repurposes spin-filter matrices for the
removal of detergents and chaotropic agents, protein digestion, and the isolation of peptide

fractions.

The development of a tip-based peptide micro purification system named Stop and Go Extraction
tips (StageTips), which consists of a tiny disk of membrane-embedded separation material, was
a cornerstone in the field [17]. It allowed convenient sample handling and a universal sample
preparation system for proteomics. It is commonly used for multidimensional fractionation as well
as desalting, filtration, and concentration before mass spectrometry analysis. Moreover,
StageTip protocols employing slightly milder detergents than SDS, such as sodium deoxycholate
(SDC), allowed to perform the whole sample preparation steps in the tips (iST, ‘in-StageTip’) [18].
This protocol addressed some of these challenges for effective, high-throughput, and
reproducible workflows as it considerably reduced sample preparation time, contamination, and
loss. Further developments in fast and high-throughput sample preparation methods [19], such
as MSTern [20], MS3 [21] and PAC (protein aggregation capture) [22] also addressed several
problems of long and laborious classical sample preparation methods, enabling in-depth
characterization of proteins and revealing the complexity of the human proteome with
identification of over a thousand of distinct proteins.

Peptide fractionation before LC-MS/MS analysis can obtain deeper proteome coverage,
especially in complex biological samples. Separation helps to decrease sample complexity in
each MS run and increase the total amount of material injected onto the analytical column and

overall detectability of low abundant peptides. There are several different fractionation principles,




Liquid chromatography-mass spectrometry (LC-MS)

including high pH reversed-phase fractionation or strong cation exchange (SCX) into proteomics
workflows. Some of these techniques will be discussed in detail in the ‘phosphorylation’ section.
We should here at least mention that off-line high pH reversed-phase fractionation methods are
particularly popular in the field as they provide orthogonal separation when combined with the
low pH separation of the online LC-MS analysis, yielding overall better peptide identifications
[23]. Our group has developed a ‘loss-less nano-spider fractionator, which automatically
concatenates the collected fractions via a rotating valve [24]. This fractionator enabled the

guantification of around 12,000 proteins from very low-ug starting peptide material.

1.1.1.2. Liquid chromatography-mass spectrometry (LC-MS)

The LC-MS technique is a dual-selectivity and powerful analytical tool. The LC part separates
compounds by their physicochemical properties related to the liquid phase whereas MS
measures each component of a complex mixture, specifically their mass-to-charge ratio. The
peptide mixtures are subjected to LC separation based on the different hydrophobic interactions
with a stationary phase, which is typically octadecyl carbon chain (Cig)-bonded silica. In reverse-
phase chromatography, the sample is separated based on the molecule’s polarity preference to
either the polar mobile phase or the non-polar stationary phase. A linear increase in the
percentage of organic solvent such as acetonitrile in the aqueous buffers provides elution of
peptides from a reversed-phase column. The addition of formic acid to the solutions provides a
source of protons, hence improving the ionization efficiency. As peptides elute from the
chromatographic column, they are ionized via ESI, and the resultant charged ions are then
transported via an ion transfer tube into the vacuum part of the mass spectrometry. Long columns
(around 40-50cm) packed with small sized particles require high pressure but are commonly
used since they provide better chromatographic resolution and a lower number of co-eluting

peptides.

Mass spectrometers can include many types of mass analyzers depending on the method which
is chosen to separate and measure ions [25]. Single mass analyzers such as quadrupole and
time-of-flight (TOF) were commonly used for measuring peptide species. lon trap MS systems
temporarily accumulate ions of a selected range before separating them by mass. The
guadrupole mass analyzer contains four parallel cylindrical metal rods (electrodes) inside a
vacuum chamber. These four rods are positioned equidistant from the center axis [25]. Currents
are applied to the quadrupole so that ions with specific m/z can pass through and reach the
detector. The quantity of ions that reach the detector is converted to a signal. This type of
analyzer has high reproducibility and sensitivity but poor resolution and speed. TOF analyzers
separate ions with different m/z by measuring the time taken for the ions to travel through a field-
free region [25]. Although these analyzers have the highest scanning speed, until recently they

suffered from low mass resolution.




Tandem MS and fragmentation techniques

Over the last decade, new developments such as Orbitrap devices (a type of ion trap mass
analyzer) have enabled LC-MS instruments to rapidly acquire a full range of spectral information
with high resolving power. They provide high selectivity and the capability for accurate mass
measurement. Currently, they are the most commonly used mass analyzer in proteomics. They
consist of a central spindle and two outer electrodes that trap ions in an orbital motion around
the spindle [25]. The frequencies of oscillation of ions along the length of the spindle are
proportional to the square root of their masses and converted to a mass spectrum using the
Fourier transform (FT). Coupling FT to a phased spectrum deconvolution method (PSDM)
has been shown to double the mass resolution without increasing the cycle times; however, it

requires extremely high computational power [26].

1.1.1.3. Tandem MS and fragmentation techniques

Mass alone is not sufficient for complete characterization of a peptide. Therefore, MS instruments
first record the m/z values of the precursor ions (intact peptides), which is referred to as MS1 and
then do tandem MS (MS/MS, MS2), meaning to conduct multiple rounds of mass spectrometry.
Selected ions (precursor ions) are broken down into fragments (product ions) in a collision cell
and the masses of the resulting fragment ions are analyzed to reveal the chemical structure of
the precursor ion (Figure 2). This is necessary to improve the specificity of the mass spectrometer
for peptide identification. In tandem mode, the TopN most abundant peptides from each MS1
scan (full scan) are typically isolated to be fragmented. Therefore, this approach is somewhat
biased toward the analysis of the most abundant, higher intensity peptides. Cycle times can be
determined by the number of peaks to be fragmented (N) and the transient times for MS1 and
MS2 scans in the case of Orbitrap analysis. There are various methods for fragmenting peptides
in tandem MS, including collision-induced dissociation (CID), higher-energy collisional
dissociation (HCD), and electron-transfer dissociation (ETD) [27]. Each generates different ion

series required for peptide sequence identification and unambiguous PTM site assignment.

In CID, fragmentation of precursor ions happens through collisions with an inert gas such as
helium, leading to peptide bond dissociation and generation of N-terminal b- and C-terminal y-
type ions [27]. It is mostly biased for the more effective fragmentation of small and low-charge
state peptides and profoundly affected by the distribution of positive charges along the peptide
backbone. HCD is a CID technique but characterized by higher activation energy compared to
CID and specific to the Orbitrap mass spectrometers [27]. HCD, in conjunction with the Orbitrap
mass analyzer, displays superior resolution and mass accuracy, producing very high-quality
spectra. In HCD, ions traverse the C-trap to enter the HCD cell where fragmentation takes place.
After fragmentation, the product ions are returned to the C-trap and then injected into the Orbitrap
mass analyzer. For tryptic peptides, this technique predominantly results in y-type fragment ions
and requires more ions to accumulate to generate a signal in the Orbitrap compared to CID in an

ion trap. As a result of this, spectral acquisition time is longer compared to CID. ETD induces
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fragmentation of cations by transferring electrons to them [27]. Although it displays lower
fragmentation efficiency compared to CID or HCD, it is better at fragmenting longer, multi-
charged peptides, or even intact proteins. It creates mostly c- and z-type ions. It has also been
employed to detect labile PTMs, which are challenging to characterize using CID because these

PTMs break off first, which loses positional information.
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Figure 2. Protein identification by tandem mass spectrometry (adapted from

https://www.creative-proteomics.com/blog/)

1.1.1.4. Acquisition methods

Shotgun proteomics typically uses a data-dependent selection of precursor ions to generate
fragment ion scans (data-dependent acquisition (DDA)), which is the TopN method described in
the previous section. In DDA mode, the mass spectrometer selects the most intense peptide
ions, and then they are fragmented and analyzed. To prevent the re-fragmentation of peptides,
precursors with the same mass are excluded from resequencing for about the time taken for a
typical peptide to elute from the LC column. The resultant spectra contain information about the
m/z values, retention times, and ion abundances for detected fragment ions. Although this
method has been very successfully used for a long time, the semi-stochastic nature of DDA

impedes reproducible quantification of peptides across multiple samples.

To overcome this challenge, the MaxQuant software developed in our group has a ‘match
between runs’ feature, which boosts the number of identifications. If a peptide is present in
several samples, but not identified via MS/MS in all of them, ‘match between runs’ allows the
transfer of this MS/MS information from one sample to others. For this approach, samples must
be analyzed using the same chromatographic method (gradient) because it uses the retention
time and the masses to match the identifications from one run to another and the false discovery
rate (FDR) of match between runs can be difficult to determine. Moreover, our group has
developed a method named ‘BoxCar,” which helps to increase the depth of proteomes [28]. The
limited capacity of the C-trap (about a million ions), which allows the analysis of only 1% of
generated ions at the MS1 level, can be used more efficiently by dividing the mass range into a
number of sequentially filled segments. This approach allocates longer injection times for low

abundant ions, thereby maximizing the usage of incoming ions and increasing the dynamic range
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at the MS1 level. Consequently, fewer missing values are observed using BoxCar when matching

identifications from a library at the MS1 level.

In the bottom-up proteomics, targeted proteomics and data-independent acquisition (DIA)
methods are the main alternatives to DDA. Like DDA, DIA is also discovery-oriented but
compared to DDA it can generate more complete data sets. In contrast to the semi-stochastic,
intensity-based precursor picking of DDA, DIA generates comprehensive fragment-ion maps [29,
30]. In each cycle, the instrument isolates a mass window of precursor ions (for example 25 m/z
units wide) and measures fragments of all precursors found within that window. It cycles through
mass windows across the entire mass range to generate MS2 scans that cover all detected
precursors. The most well-known method that generates DIA data is called SWATH (Sequential
Windowed Acquisition of All Theoretical Fragment ions) [30]. As the same precursor isolation
window is fragmented again at each cycle during the entire analysis, a time-resolved record of
the fragment ions of all the precursors is obtained through the entire mass range. This type of
data is composed of highly multiplexed fragment ion maps that display a higher grade of
complexity. For this reason, the analysis of such data requires sophisticated deconvolution
algorithms for peptide identification, which generally rely on information from pre-existing high-
quality spectral libraries. DIA has been also recently propelled by the advances in scan speed
and resolution of new mass spectrometers. It now allows us to analyze all co-eluting peptide ions
simultaneously, enabling more accurate and precise quantification with less missing values

across samples and higher identification rates over a higher dynamic range.

Targeted methods are used for acquiring a predefined set of precursor or fragment transitions
with high reproducibility and specificity. There are two main types of targeted acquisition
methods: the ones that collect information at peptide ion level such as selected ion monitoring
(SIM) or fragment ion level such as single or multiple/parallel reaction monitoring SRM, MRM,
and PRM [31] (Figure 3). Briefly, SIM uses a mass analyzer in filtering mode to monitor the signal
of a selected precursor ion of interest. SRM is traditionally mostly performed on triple quadrupole
instruments (QQQ) as it requires double filtering to sequentially monitor several fragment ions
from specific selected precursors. In contrast, PRM can be performed on a quadrupole-Orbitrap
mass spectrometer and can therefore be acquired with high resolution and high-throughput
capabilities. In this method, precursors are isolated using a mass analyzer, and all fragments are
simultaneously analyzed with a second mass analyzer. It can sequentially monitor several
peptides within each cycle. Furthermore, parallel monitoring eliminates the need for a prior
selection of target peptide transitions. Thus, it requires much less effort than the SRM assay to

develop while being much more specific.
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Figure 3. Targeted proteomics strategies (adapted from https://www.creative-

proteomics.com/blog/)
1.1.1.5. Protein identification

The ultimate goal in shotgun proteomics is to identify proteins, which relies on the extraction of
information from MS2 spectra. The spectra generated by MS2 contain fragment ions forming N-
terminal (b-ions) or C-terminal (y-ions) sequence ladders, and the relationship between the
relative abundance (intensity) and m/z value of each fragment ion of a peptide. The spectral data
is first converted into a format readable by downstream software. Next, spectra identification is
performed in various ways, including matching into in-silico generated peptide sequences or to
previously established spectral information such as a spectral library. When using the sequence
database search, the experimentally obtained fragment ion spectra are matched to the theoretical
ion spectra for a given organism by search engines such as Mascot or Andromeda [32, 33]. In
the second method is that sample type-specific spectral libraries can be generated and utilized
to fit experimentally observed spectra to it. Another technique for spectrum identification is ‘de
novo sequencing’. This method is mainly used when there is no or limited database information

available.

Furthermore, spectral identification through search engines requires statistical validation of
peptide-spectrum matches (PSM) before reporting. For each spectral matching event, scores
that represent the resemblance between two spectra are calculated. The scores are then
statistically evaluated by calculating probabilities to control for false-positive hits. The most
common approach for the false discovery rate (FDR) estimation for MS/MS spectra is the Target-
Decoy searching [34]. In this method, the spectra are matched to a database that includes each
peptide in the true and reverse amino acid orders. The resultant numbers of hits to the reversed
database can be used to define the FDR, which is usually set to less than 1% in global proteomics
studies. Furthermore, some peptide sequences are not unique to a specific protein; for instance,
they can be matched to several protein isoforms. In such cases, they are usually assigned to the

protein for which the most unique peptides (razor peptides) are identified.
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Protein quantification

1.1.1.6. Protein quantification

Protein identification is the first step in gaining insight into a biological system. To detect global
changes when studying biological systems, it is crucial to determine differential protein
expression or abundance accurately. Quantitative proteomics methods provide a reliable and
dynamic analysis of differential expressed proteins in a cell or tissue responding to extrinsic or
intrinsic changes. They can be divided into ‘relative’ or ‘absolute’ quantification strategies. In the
absolute fashion, expression of proteins such as concentrations or copy numbers are determined
using spiked-in references. In contrast, in the relative fashion, protein levels are compared
amongst different conditions. The relative quantification methods can be categorized into label-

based and label-free quantification.

Label-based quantification involves metabolic and chemical labeling methods (Figure 4). SILAC
(Stable Isotope Labeling by Amino Acids in Cell Culture) is the most popular in-vivo metabolic
labeling method and relies on the metabolic incorporation of a given ‘light” or “heavy” form of the
amino acid into the proteins. Leucine, arginine or lysine are the amino acids which are commonly
used. Cells are usually cultured in medium highly enriched for stable isotopes for more than five
passages to ensure complete incorporation. Stable isotopes incorporation does not affect the
physical behavior of labeled peptide in terms of elution profiles. After labeling is complete,
differentially labeled samples are mixed and analyzed together. Due to the mass difference, the
samples can be distinguished at the MS1 level. Relative quantification is performed based on the
differences in the precursor areas of differentially labeled peptides in mass spectrometry.
Although the most accurate and robust, the main disadvantages of this method are that it is
limited mainly to cell line samples, and it requires some time and effort. To overcome these
problems, the classical SILAC approach has been extended to methods such as spiking in entire
labeled proteomes (mix of cell lines (super-SILAC) [35] and SILAC-labeled protein epitope
signature tags (PrESTs) [36]. In addition to the use of SILAC for relative quantification, stable
isotope-labeled protein standards (PSAQ) [37] or peptides (AQUA peptides) have been also used
as internal standards for absolute standards. Yet, these approaches remain mainly limited to a
moderate number of proteins or peptides. However, the SILAC-PrEST method developed in our
group successfully quantified over 40 proteins in HeLa cells over a wide abundance range. This
method uses a known quantity of recombinant heavy-labeled standards covering unique
sequences of the protein of interest that are fused with a purification and solubility tag. There are
also other methods for absolute quantification, including the ‘proteomic ruler’ approach, which
allows the copy numbers estimation per cell on a global scale by utilizing the fixed relationship
between histones and DNA [38].

Chemical labeling methods are more applicable and suitable for various sample types, including
tissues and body fluids, than metabolic labeling since it introduces isotopes in vitro. They are

mostly performed at the peptide level. One of the early examples is called iTRAQ which utilizes
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Protein quantification

a multiplexed isobaric chemical tagging reagent [39, 40]. A more popular example for this
technique is TMT, tandem mass tags (>10 channels) [41]. Both tags consist of a reporter group
for quantification, a balance group so that peptides share the same precursor mass and a peptide
reactive group. This reactive group is amine-reactive allowing the attachment of the tag to the N-
terminal amine groups of lysine residues of the amino terminus of peptides, labeling all peptides
in the sample. These approaches enable multiplexing opportunities, reducing measurement time
without increasing spectral complexity. MS2 spectra of isobaric tagged peptides have two types
of product ion peaks: the reporter ion that correlates with the abundance in each channel and the
peptide fragment ion that allows identification. The disadvantage of TMT is that it suffers from
‘ratio compression’ due to the relatively low resolution of quadrupole isolation of precursors. The
actual ratio between channels is underestimated due to reporter ions from co-isolated and co-
fragmented [42]. To overcome this challenge, mass spectrometers that are capable of MS3 are
used to fragment the tag-containing fragments further. However, this comes at the expense of
sequencing speed and proteome coverage. Our group has developed an alternative method to
TMT, which is called EASI-tag, to allow accurate quantification without the ratio compression
problem [43]. In this technique, reporter ions are precursor specific and the tag fragments at
lower collision energies than the peptide backbone, so the reporters stay attached to the

precursors, eliminating interference from other precursors.

Label-free quantification (LFQ) is the most straightforward and most economical approach as it
eliminates the need for additional chemical reagents and procedures. Quantitative values can be
obtained in two ways. The first approach - known as spectral counting - correlates the number of
identified MS/MS spectra from the same protein with its abundance. The second and more recent
approach is through the extraction of the area underneath the extrapolated curve of the precursor
ion peaks in MS1 scans. The LFQ approach suffers from reduced reproducibility compared to
label-based quantification because sample preparation and measurements are performed for
each sample separately. Nevertheless, when combining high-resolution instrument
measurements with a sophisticated algorithm called MaxLFQ very accurate quantification can be

achieved.
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In-depth cellular and bio-fluid proteomes and biomarker discovery
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Figure 4. Label-based quantification methods (adapted from [44])

1.1.2. In-depth cellular and bio-fluid proteomes and biomarker

discovery

Quantitative proteomics holds significant promise for understanding fundamental biologic
processes and mechanisms and for discovering diagnostic and prognostic protein markers. The
community desires to determine the complete proteomes of various tissues and samples to better
understand the complexity of protein-driven mechanisms in the human body. Significant
advancements at all levels of today’s MS technology, encompassing sample preparation to
measurement and subsequent bioinformatics analysis, have enabled the characterization of
nearly complete proteomes from cells, tissues, model organisms, and even from very challenging
matrices such as biofluids [45, 46]. Thousands of proteins and tens of thousands of modified
peptides can be routinely quantified. System-wide proteomic studies explore critical regulatory
mechanisms at a large scale and create a link between genomic information, biological function
and disease. ‘Organellar proteomics’ can also be employed to monitor subcellular localization on
a system-wide scale [47]. Global interactome studies have likewise become very popular with
the development of high resolution instruments, and a recent human interactome studies

uncovered interaction partners of thousands of human proteins [48, 49].

Advanced proteomics tools now also provide tremendous opportunities for biomarker-related

clinical applications, and there is an enormous interest in profiling body fluids for biomarker

12



Post-translational modifications (PTMs) and their role in signaling

discovery. Biomarkers would be beneficial to define a normal or abnormal condition or disease
and monitor a treatment. Numerous studies on human biofluid proteomes that mainly focused on
cancers, metabolic and brain diseases have been performed often reporting hundreds of
proteins. Recent technological advancements in acquisition methods and software developments
enabled in-depth characterization of body fluids such as stool, urine, CSF and plasma, presenting
mass spectrometry (MS)-based proteomics as compelling technology for biomarker discovery.
Moreover, our group has proposed a “rectangular” biofluid proteome profiling strategy instead of
previous “triangular strategies”. The latter involves the discovery of a single or few biomarker
candidates in a small cohort, followed by validation typically by immunoassays in a larger cohort.
In the “rectangular” strategy, both discovery and validation of biomarkers are performed at
maximum possible depth in medium to large size cohorts. Using this strategy in conjunction with
the latest MS technologies, our group has published several studies in which proteomes of bodily
fluids such as CSF and plasma were profiled to identify biomarkers for various conditions and
diseases [50-54].

Clinical proteomics is still a relatively new field but is rapidly growing also due to the development
of sensitive and specific methods and clear standards that consistently define and report
biomarkers [55, 56]. In particular, issues associated with the collection and storage of the
samples are of critical importance in this field [55]. Pre-analytical variation caused by inconsistent
sample processing and contaminations during sample collection has a substantial impact on the
reported results and may cause the reporting of incorrect biomarkers. For instance, levels of
certain proteins, including a-synuclein, are much higher in blood than in CSF, suggesting that
blood contamination in CSF might affect the reliable quantification of those biomarkers. Standard
procedures have to be established and applied when collecting biofluids to ensure that the

observed changes are not caused by artifacts related to sample handling and processing.

1.2. Post-translational modifications (PTMs) and their role in signaling

Cells need to respond to external and internal cues in a short time; thus they have a multi-level
regulation system capable of sensing, interpreting, and storing the information. Post-translational
regulation of proteins via reversible and irreversible modifications is especially crucial for cells to
rapidly respond to stimulation and environmental alterations. These modifications can affect
structure, stability, and function of proteins and increase the functional diversity of the proteome.
Thus far, over 200 PTMs have been discovered regulating proteomes of various organisms.
PTMs are very diverse and can be divided into four groups (Figure 5): (i) the modification of the
chemical structure of amino acid side chains, (ii) the addition of complex molecules to specific
amino acids, (iii) the covalent linkage of polypeptides or small proteins and (iv) the cleavage of
the peptide bond (proteolysis). In this thesis, | will primarily focus on two types of PTMs,
phosphorylation and ubiquitination.
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Figure 5. Diversity of post-translational modifications (adapted from [57])

1.2.1. Phosphorylation

Phosphorylation is one of the most common and best-studied PTM. It defines the covalent
addition of phosphoric acid to the target protein and occurs through the transfer of the y-
phosphate group from adenosine 5'-triphosphate (ATP) to the hydroxyl group of specific amino
acids. It is mainly attached to serine, threonine, or tyrosine residues, representing approximately
90%, 9.9%, and 0.1% of protein phosphorylation, respectively. Tyrosine phosphorylation is thus
relatively rare and is typically mediated by receptors harboring a tyrosine kinase domain. Less
stable phosphorylations may also occur naturally on aspartic acid and histidine residues [58, 59].
The addition of a phosphate group in general modifies the protein from a more hydrophobic
apolar state to a more hydrophilic polar state. This can lead to the activation or inhibition of the

protein and can induce conformational changes also upon interaction with other molecules.

Phosphorylation is a reversible reaction with a constant balance between phosphorylation and
dephosphorylation events mediated by kinases and phosphatase (protein + ATP 2
phosphoprotein + ADP) (Figure 6). The addition of the phosphate group is catalyzed by the
enzymatic activities of protein kinases, whereas another type of enzymes, phosphatases, are
responsible for its removal [60]. This highly dynamic process is at the heart of signaling pathways,
serving as a signal in a plethora of cellular pathways and mechanisms, including the cell cycle
and cancer [61]. More than 30% of all encoded proteins are phosphorylated at any given time
[62]. Over 250,000 phosphorylation sites have been identified and curated so far in one of the

well-known and widely used databases (http://www.phosphosite.org).
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Protein phosphorylation—mediated cellular signaling
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Figure 6. Phosphorylation is a reversible PTM that regulates protein function. Kinases mediate
phosphorylation at serine, threonine and tyrosine side chains and phosphatases remove the

phosphate group (adapted from https://www.thermofisher.com/de/de/home/life-science/protein-

biology-learning-center)

1.2.1.1. Protein phosphorylation—-mediated cellular signaling

Cells can sense and respond to extracellular changes through cell surface proteins. Upon binding
of a ligand to a cell-surface receptor, the receptor gets activated, and this sets off a series of
signaling events. The chains of molecules known as intracellular signal transduction pathways
transfer information from the surface to the interior of the cell. For instance, the receptor can bind
another molecule within the cell, which in turn activates its target. Non-protein molecules like

phospholipids can also play essential roles in signaling.

Most signal transduction systems in the cell are regulated by protein phosphorylation, which acts
as a switch altering protein activity. This serves a variety of functions, including increase in
catalysis, providing recognition by interacting protein, conformational changes, and formation of
protein complexes or alteration of the cellular protein localization. It can also inactivate the protein
or cause its degradation. These features make protein phosphorylation a critical regulatory
mechanism of the most crucial cellular processes, including proliferation, apoptosis,

differentiation, and development.

Phospho-signaling pathways are dynamically regulated within seconds at multiple levels of
positive and negative feedback. One kinase can target hundreds of potential substrates, enabling
signal diffusion across many network nodes. Depending on the type and the intensity of the
stimulus, signals can be transient or prolonged. Each stimulation leads to a unique signaling
network typically inducing a unigue biological response. The complexity of signaling networks
has recently been more acknowledged based on results of system-wide studies using MS-based

proteomics.
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Protein phosphorylation—mediated cellular signaling

To better explain phosphorylation—mediated cellular signaling concepts, | use one of the most
studied signaling pathways called the epidermal growth factor (EGF) pathway as an example
(Figure 7). This pathway acts through a series of kinases to produce various cellular responses.
EGF binds to the receptor (EGFR) and induces its activation by dimerization. The activated
receptor recruits various adaptor proteins such as GBR2 that bind to the phosphotyrosine residue
in the cytoplasmic part of the receptor. GBR2 recruits SOS to the membrane. Next, SOS activates
GDP/GTP exchange, which then recruits Raf to the membrane. Active Raf phosphorylates and
activates MEK, which phosphorylates and activates the ERKs. ERKs act on a variety of target
molecules, including transcriptional regulators like c-Myc that induces growth and proliferation.
These three kinases, Raf, MEK, and the ERKs, together make up a kinase signaling pathway
called the mitogen-activated protein kinase (MAPK) cascade. They are found in many organisms,
from humans to yeast. The overactive forms of the proteins in this pathway, such as the growth
factor receptor, Raf and c-Myc have been associated with cancer as they play a central role in
promoting cell proliferation. GRB2 can also recruit another major mediator of EGFR signaling,
PI13Ks. They convert phosphatidylinositol-4,5-bisphosphate (PIP2) to phosphatidylinositol-3,4,5-
trisphosphate (PIP3). PIP3 recruits PDK1 which phosphorylates AKT. This pathway, also known

as PI3K-Akt pathway, plays a role in prosurvival signaling.

EGF ligand

growth and proliferation

Nucleus

Figure 7. Epidermal growth factor receptor (EGFR) and its downstream signaling proteins
(adapted from [63])
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Phosphoregulators: kinases and phosphatases

1.2.1.2. Phosphoregulators: kinases and phosphatases

Kinases and phosphatases are central players of the intracellular signaling cascade in which a
signal is passed on to downstream proteins by sequential activation and deactivation of proteins
via phosphorylation/dephosphorylation events. Therefore, these enzymes are also crucial for the
transduction of the signal by controlling its amplitude. Over 500 kinases are found in the human
genome, encompassing 1.7% of the total genome [62]. Kinase activity is controlled in three ways:
(i) kinase phosphorylation/autophosphorylation, (ii) binding with activator or inhibitor proteins, or

(i) through localization in relation to their substrate [64].

The conserved protein kinase core has two domains: the N- and C-terminal core [65]. Between
these two domains, there is an active-site cleft with the ATP binding site. The activation of the
kinase through activation loop phosphorylation or an allosteric mechanism induces a deep cleft
where the transfer of the phosphoryl group occurs [65]. Non-catalytic domains of kinases help

with the attachment of substrates and allow the recruitment of other signaling components.

Most kinases are serine and threonine (STKs) kinases that phosphorylate the OH group on these
amino acids. Some kinase can only act on tyrosine (TKs), and there are also kinases targeting
three amino acids (dual-specificity kinases; DSKSs) [66]. Protein kinases subfamilies include: AGC
(Protein Kinase A, G, and C families (PKA, PKC, PKG)), CaMK (Calmodulin/Calcium regulated
kinases), CK1 (Casein Kinase 1), CMGC (CDK, MAPK, GSK3, and CLK), TK (Tyrosine Kinase),
TKL (Tyrosine Kinase-Like), RGC (Receptor Guanylate Cyclases), PKL (Protein Kinase-Like)

and STE [67]. Many kinase families are highly conserved in yeast to human.

Protein phosphatases act opposite of kinases by removing the phosphate group from proteins.
They do not have a common structure, and unlike kinases, their activity is associated with
different protein folds and catalytic mechanisms and they typically gain their specificity only as
members of multi-protein complexes [60]. Over 200 protein phosphatases have been identified
so far and classified into several families, including the phosphoprotein phosphatase (PPP)
family, the metallo-dependent protein phosphatase (PPM) family and the protein-tyrosine
phosphatase (PTP) family [60]. Although PPP and PMP families mostly act on phosphoserine
and phosphothreonine, they can also dephosphorylate phosphotyrosine. PTPs can also

dephosphorylate non-protein targets, such as mRNA and phosphoinositides [68].

Mutations in genes encoding for kinases and phosphatases have often lead to decreased cell
viability, disrupted cellular signaling pathways and contribute to several human diseases
including cancer, autoinflammatory diseases, diabetes, and neurodegenerative diseases [69].
Thus, having a better understanding of impaired phospho-signaling pathways associated with

diseases would greatly help with the identification of potential drug targets [69].

17



Quantifying phospho-signaling by MS: phosphoproteomics

1.2.1.3. Quantifying phospho-signaling by MS: phosphoproteomics

Many different analytical strategies have been developed and employed to quantify activated
signaling networks. Classical biochemical techniques such as phospho-specific antibodies are
typically low throughput. For a systems-wide understanding of cellular signaling networks,
identification and quantification of a sufficient number of specific phosphorylation sites and their
coordinated and temporal response to a perturbation are necessary. Moreover, multiple
phosphorylation sites often occur on a single protein and their abundance range spans orders of
magnitude, with varying stoichiometry [61]. All this makes detection and quantification of all sites

affected by a given stimulus extremely challenging.

Mass spectrometry has transformed the field of cellular phospho-signaling and become the
method of choice for studying multiple phosphorylation events simultaneously
(‘phosphoproteomics’) [61, 62]. Global strategies aiming to detect and quantify thousands of
phosphorylation sites can identify altered phospho-signaling networks. Recent developments in
the MS field have also enabled increasingly sophisticated phosphoproteomics studies. However,
detection and quantitation of protein phosphorylation remain analytically challenging in many
aspects [70]. For instance, phosphorylation is a dynamic and transient process. Its short life
together with its low abundance makes accurate and precise quantification difficult, especially in
heterogeneous mixtures. Most quantification methods, including chemical and metabolic labeling
strategies, have also been utilized for quantitative phosphoproteomic. Label-free strategies have
also gained acceptance and popularity in signaling research as they have the advantage of being

very adaptable [71].

Other issues that complicate phosphopeptide identification are the potential suppression of their
ionization by their non-phosphorylated counterparts [70] and the labile character of the
phosphoester bond. In collusion induced dissociation (CID) type of fragmentation, the
phosphoester bond tends to break first, leading to a neutral loss of phosphoric acid, creating a -
98 Da (H3PO4) mass shift [72]. In contrast, the high-energy collision dissociation (beam-type
CID, HCD), in which an electrical potential is applied to accelerate peptide ions towards the inert
gas, substantially reduces the presence of the neutral loss precursor [73]. Compared to CID and
HCD, electron transfer dissociation (ETD) is more suitable for the analysis of peptides with labile
modifications as these modifications can be preserved. However, this technique results in a low
number of total identification due to its slower scan rate and lower efficiency [73]. Methods
combining ETD and HCD fragmentation techniques for complementary ion production (c/z ions)
have also been developed to provide data-rich MS/MS spectra, which yield higher

phosphoproteome coverage and more confident site localization [74].
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Phosphoproteomics workflows and enrichment techniques

Developments of more sensitive and fast mass spectrometers along with improved data analysis
software have increased the number of phosphorylation sites identified by DDA. It has become
very common to report and quantify tens of thousands of phosphorylation sites, especially when
coupled to a prior fractionation step [75, 76]. However, as mentioned before, DDA and MS in
general, have some bias toward the accurate and precise analysis of the more abundant, higher
intensity peptides. Since phosphorylated peptides are less abundant than their non-
phosphorylated counterparts, it remains challenging to accurately detect and quantify low
abundant phosphopeptides with DDA. Moreover, the semi stochastic nature of DDA, favoring the
most intense peaks, results in poor reproducibility even among replicates. This is particularly a
problem for phosphopeptides due to their low abundance. Most phosphorylation events typically
present in a cell are not induced by any given stimulation. These unspecific phosphorylations
can interfere with the identification of stimulus-specific phosphorylation events as most of the
instrument analysis time is spent on these uninformative ones. DIA, propelled by the advances
in scan speed and resolution of new mass spectrometer generations, is becoming a compelling
alternative to DDA. The superior performance of DIA for sensitive and reproducible MS
measurements has recently also been demonstrated for global protein phosphorylation analysis.
Notably, a recent study quantified >20,000 phosphopeptides in 15min single-run LC-MS

analysis per condition without the need for spectral libraries [46].

Targeted MS methodologies appear to be a promising way to detect and accurately quantify low
abundant phosphorylated species as they promise ultra-high specificity and sensitivity. Such
methods rely on non-data dependent but targeted MS acquisition techniques and usually work
with a small number of proteins. Therefore, a priori knowledge of the phosphorylated proteins
and signaling network is required. The most common MS-based targeted approaches used for
phosphoproteomics are selected/multiple reaction monitoring (SRM, MRM) and parallel reaction
monitoring (PRM). These methods rely on tandem mass spectrometry and offer high specificity
along with sensitivity as they monitor fragment ions. However, sensitivity is inherently lower
compared to single-stage mass spectrometry analysis, such as selected ion monitoring (SIM),
as they distribute the precursor ion signal across multiple fragments. These methods have
frequently been applied to quantify cellular signaling networks, protein complexes [61] and
protein phosphorylation stoichiometry, as well as kinome abundance and phosphorylation states
[77]. They can also determine the absolute amount of a given peptide or phosphorylation site in

a sample using SIL peptide standards spiked in known quantities into the samples.
1.2.1.4. Phosphoproteomics workflows and enrichment techniques
In a typical phosphoproteomics experiment, proteins are proteolytically digested, mostly using

trypsin, and the complex mixture of digested peptides can be either analyzed directly or

fractionated before MS analysis of each fraction. Regardless of the preferred fractionation
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Phosphoproteomics workflows and enrichment techniques

method, phosphopeptide enrichment is required before LC-MS/MS analysis. The common
methods for the enrichment of phosphopeptides, such as IMAC and MOAC, are typically
combined with prior fractionation to increase the number of identified phosphopeptides (Figure
8). There are several factors that drive the need for pre-fractionation and enrichment. First,
proteolysis of proteins generates many peptides, of which only a small fraction will carry
phosphorylations. Second, the phosphopeptides are usually present at substoichiometric levels,
meaning they are less abundant than their nonphosphorylated counterparts. Each fraction
enriched for phosphopeptides is analyzed separately. This increases the chance to observe low
abundant phosphopeptide ions and to reach the depth required to cover key signaling
components. Third, as mentioned above, phosphorylated peptides may have lower ionization

potentials than their nonphosphorylated counterparts when measured in positive ion mode.

Common pre-fractionation methods in phosphoproteomics studies are chromatography
techniques that provide separation based on charge (SCX and SAX) isoelectric point (IEF),
polarity (HILIC) and hydrophobicity (ERLIC) [78]. While more peptides can be identified by
fractionation since the complexity in each fraction decreases, the total time required for the
analysis increases proportionally with the number of fractions. It also comes at the expense of
throughput, robustness, and reproducibility, and often requires specialized equipment and large

sample amounts.

One of the earliest enrichment techniques is affinity-based chromatography. Positively charged
metal ions, such as Fe (lll), immobilized with a solid phase are presented for interaction with
negatively charged phosphate groups (immobilized metal affinity chromatography (IMAC)). The
use of metal oxides such as titania or zirconia has emerged as the alternative ways for
phosphopeptide enrichment (metal oxide affinity chromatography (MOAC)) [79-81]. However,
the latter method may suffer from nonspecific binding. The addition of an organic acid, such as
2,3-Dihydroxybenzoic acid (DHB) and glycolic acid into the enrichment buffer helps to increase
phosphopeptide specificity [82]. In both chromatography techniques, binding and washing
conditions are performed in a very low pH environment. This overcomes the competition between
carboxyl acid and phosphoryl groups in binding to the material since carboxylic acid groups are

also negatively charged at moderate pH. Finally, elution is performed at a more basic pH [78].

Both materials are typically used to enrich phosphopeptides rather than full length
phosphorylated proteins. They both are especially suited for the enrichment of serine, threonine
and tyrosine phosphorylations as these residues are stable under acidic pH conditions.
Furthermore, IMAC is well known for its affinity for multiple phosphorylated peptides, whereas
MOAC, especially titanium dioxide (TiO2), preferentially detects singly phosphorylated ones.
Although they are thought to be complementary, a recent study showed that they bind the same

phosphopeptides but differ in binding capacity and elution efficiency [83].
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lon exchange, especially strong cation exchange chromatography, can be also employed for both
the separation of peptides and the enrichment of phosphopeptides. Separation is provided by
charge interactions between the analyte and the stationary phase [95]. The stationary phase
containing negatively charged strong acidic groups, such as sulfonic acid derivatives, which have
affinity for positively charged groups. Tryptic peptides at a low pH typically have a +2 or +3 net
charge due to positively charged terminal amino groups and basic amino acid residues (lysine,
histidine, and arginine) contributing to the net charge of peptides. However, the presence of a
negatively charged phosphate group (H2PO4-) decreases the net charge. As peptides elute from
the column along increasing salt concentrations in SCX, peptides with higher charge state have
a stronger interaction with the stationary phase. Therefore, phosphorylated peptides with a net
charge of less than +1 elute earlier compare to nonphosphorylated peptides. The first fractions
will therefore be more enriched for phosphopeptides. Given the complexity of the proteolytic
digest of the proteome, phosphopeptide enrichment by SCX chromatography is not very specific.
Still, it has been frequently used as a complementary technique to affinity-based
phosphoenrichment.

More targeted approaches requiring a prior knowledge of cellular signaling networks to be
analyzed also exist. For instance, there are strategies utilizing phosphorylation motif antibodies
and naturally occurring phospho-binding domains such as SH2 domains, which recognize and
bind to the tyrosine phosphorylation site to study signaling networks. Perhaps the most common
targeted approach is tyrosine phosphorylation analysis after phosphotyrosine peptide
immunoprecipitation. This technique has been coupled with different labeling approaches to
quantify the temporal response to growth factor stimulation [84, 85] and the effects of oncogenic
kinases on cellular signaling networks [86, 87].
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Figure 8. Strategies for phospho-specific enrichment and pre-fractionation technigues
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Parkinson’ disease and phosphorylation

1.2.2. Parkinson’ disease and phosphorylation

1.2.2.1. Parkinson’ disease

Parkinson’s disease (PD) is the second common neurologic disorders after Alzheimer’s disease.
It is mainly caused by the premature death of dopaminergic neurons in the substantia nigra pars
compacta (SNc) brain region and characterized by cytoplasmic a-synuclein (SNCA)-containing
protein aggregates (Lewy bodies). It mainly affects the motor system, resulting in muscle
stiffness, resting tremor, and slowness of movement, which are critical features for the diagnosis.

Many PD patients also suffer from postural instability and other non-motor symptoms.

PD is diagnosed in up to 10 million people worldwide (http://www.pdf.org/) and its prevalence is

known to increase with age. Less than 5% of PD cases have an onset before the age of 40, about
one percent of the population above 60 and up to 5 percent above 85 are diagnosed with PD
[88]. The majority of PD cases are idiopathic; the cause of the disease remains unknown.
However, about 10% have been linked to a genetic cause. Several genes are known to segregate
with familial forms of PD, such as LRRK2, GBA, PARKS8, or SNCA. The individuals with
monogenic forms of the disorder -caused by a single mutation in a dominantly or recessively
inherited gene- or carrying genetic risk factors have a higher risk of developing the disease (2 to
5%) [88]. Defined genetic causes collectively account for around 30% of the familial and up to
5% of the sporadic cases [89]. Recently, a meta-analysis of genome-wide association studies
(GWAS) of PD identified about 40 genetic susceptibility loci associated with late-onset PD [90,
91]. A few of them have been identified as causal, yet the underlying mechanisms remain mostly

elusive for the majority of them [91].

PD is also a progressive disease. Patients typically experience increased severity of symptoms
when growing older, which is associated with increased treatment costs. The most effective PD
medication is currently levodopa (L-dopa), a central nervous system agent, which is inexpensive
and effective. Levodopa-based treatment does not cure the disease; it mainly influences
apparent progression and alleviates symptoms. The patients are usually diagnosed after the
disease manifests and severe motor impairment is evident, however, by this time irreversible
brain damage has already occurred. This highlights the urgent need for disease-modifying
therapeutics. Unfortunately, there is no specific and sensitive tests to detect PD early to aid the

development of new therapeutic strategies.

1.2.2.2. LRRK2 kinase in PD and its cellular targets

Leucine-rich repeat kinase 2 (LRRK2/Park8 loci) was identified in 2004 and it is one of the key

genes that are linked to PD pathogenesis. Mutations in the LRRK2 gene are the most common
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cause of autosomal dominant PD, representing around 2% of total Parkinson's cases
(https://www.michaeljfox.org/). Ubiquitously expressed LRRK2 is a large and multi-functional and
multi-domain protein. It has four distinct domains that are implicated in protein-protein interaction
(ARM, ANK, LRR, and WD40), two domains involved in GTPase function (Roc and COR), and
the kinase domain. Pathogenic LRRK2 mutations are frequently found in both the GTPase
(R1441C/G/H, Y1699C) and kinase (G2019S, 12020T) domains, suggesting a link between the
enzymatic activity of LRRK2 and PD pathogenesis [92] (Figure 9). The most common mutation
is the S=>G substitution of serine 2019 (G2019S), which accounts for 4% of familial and 1% of
sporadic PD cases worldwide [93]. This mutation resides in the activation loop of the kinase
domain and increases its activity of about 3-fold. Strikingly, mutations in LRRK2 are also found
in non-familial forms of PD, and the pathology of sporadic and LRRK2-linked PD is almost
indistinguishable. This suggests that a shared LRRK2-driven molecular pathway is driving
pathogenesis. Thus far, LRRK2 has been associated with various cellular processes, including
mitochondrial disease, vesicular trafficking, and autophagy. Several studies reported pathogenic
LRRK2 driven functional alterations in the same pathways as well as in lysosomal degradation

and immune responses [93] (Figure 9).

Although some potential LRRK2 substrates, including ezrin/radixin/moesin proteins, have been
described in the last decades [94-96], true and reproducible physiological targets of LRRK2 had
proven elusive for a long time. Martin Steger from our group previously identified several Rab
GTPases (Rab8A, Rabl10, and Rab12) as physiological targets of LRRK2 [2] (Figure 9). The
phosphorylated Thr/Ser residue on Rab proteins is highly conserved in ~50 Rab proteins and lies
within their effector-binding switch-1l motif. The Rab GTPase family is involved in the regulation
of intracellular membrane trafficking pathways. They cycle between cytosol, where they are
bound to a protein called GDI (GDP Dissociation Inhibitor) and membrane compartments where
they are found in GTP-bound active form and recruit specific effector proteins [97]. They play
important roles in the formation of transport vesicles, docking and fusion of those vesicles with
target membranes and binding of motor proteins for vesicle transport [97]. Our group showed
further that the PD-associated mutant LRRK2 (in the hyperactive form) deactivates Rab proteins
by phosphorylation, which leads to reduced affinities for GDIs and results in their accumulation

at the cell membrane.
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Figure 9. Parkinson-associated mutations that activate LRRK2 kinase activity a subgroup of RAB

GTPases phosphorylated by LRRK2 and that regulate various cellular processes.

1.2.2.3. LRRK2 inhibitors and clinical trials

Pathogenic mutations in LRRK2 are found in both sporadic and familial PD patients and increase
its kinase activity. LRRK2-associated PD cases, whether familial or not, share similar
pathophysiological processes. As LRRK2 associated PD closely resembles idiopathic PD (iPD)
LRRK2-targeted therapies may be useful for the treatment of a large group of patients. Together,
these make LRRK2 a promising target for the treatment of PD. More than 100 compounds
targeting LRRK2 kinase activity have been reported in the last decade, evidencing the massive
interest in therapy of LRRK2-dependent PD [98]. Some inhibitors, including MLi-2, are in active
preclinical development [99]. Recently, Denali Therapeutics has undertaken pre-clinical research
with selective LRRK2 inhibitors, known as DNL201 and DNL151. Safety and target engagement
of DNL201 have already been assessed, and it has passed the phase | in a study of healthy

volunteers [93].

Insufficient measures of drug target engagement are one of the largest challenges in clinical
trials. There is a great need to monitor LRRK2 kinase activity and reliably quantify these
biomarkers in biofluids and human-derived cells. Such tools would be highly valuable to (i) assess

target engagement and monitor compliance of LRRK2 kinase inhibitors and treatment efficacy,
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(ii) detect non-manifesting carriers early to prevent disease onset, and (iii) stratify idiopathic PD

patients who could benefit from LRRK2 based therapies.

To assess LRRK2 activity, phosphorylations at Ser910, Ser935, Ser955, and Ser973 had been
the only option as they are highly responsive to inhibition of LRRK2 activity although the upstream
kinase remains unknown [100-103]. However, these phosphorylations do not correlate with
intrinsic cellular LRRK2 kinase activity as many knock-in pathogenic mutations were shown not
to affect them, and S935, in particular, is still phosphorylated in kinase-inactive LRRK2 [104,
105]. Another conserved LRRK2 fingerprint is the autophosphorylation at the Ser1292, which
correlates well with LRRK2 kinase activity [106, 107]. However, pS1292 has been mostly
detected in models and systems where LRRK2 was overexpressed or enriched because it has
very low occupancy in tissue [106, 108, 109]. There is also no sensitive phospho-specific
antibody available to reliably detect and quantify this phosphorylation. Furthermore, the
guantification of this site by an MS-based assay is difficult as the proteolytic sites around Ser1292
phosphorylation are either too close or too far to produce a peptide that can be detected by MS.
Additionally, miscleaved tryptic peptides covering this site are produced with low and variable

yield thereby complicating absolute quantification.

Among the substrates of LRRK2, Rab phosphorylations have emerged as promising readouts to
monitor LRRK2 activity as all pathogenic mutations in LRRK2 increase Rab phosphorylation in
vivo [110-112]. In this thesis, one of our aims was to quantitatively assess LRRK2-mediated low
levels of Rab phosphorylation by a sensitive and robust mass spectrometry (MS)-based assay

in bodily fluids and/or PD patient-derived cells or tissues.

1.2.2.4. Biomarkers of Parkinson’s disease

Modern medical science is driven by the idea that inter-individual biological variances can
determine the differences in disease presentation and response to treatment [113]. Investigation
of diseased tissues or body fluids of individuals might reveal inter-individual differences, provide
biological markers diagnosing diseases in early stages and predict disease progression. In
particular, early diagnosis of PD, before substantial neurodegeneration occurs, could be key to
slow progression of the disease and prevent dopamine loss. Effective disease-modifying therapy
needs to be initiated before or with the disease onset. However, there are currently no reliable
and sensitive biomarkers to detect PD early. Such biological markers could assist in early and
differential diagnosis (diagnostic biomarkers) of the disease and in tracking its progression
(prognostic biomarkers), and monitoring whether and how patients respond to a therapy

(predictive and treatment response biomarkers).
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Although there is still no PD-specific biological marker available, several potential candidates
have been reported in the past several decades [114]. Among them, a-Synuclein has attracted
substantial attention and has become one of the most investigated potential molecular
biomarkers of PD [115]. Human a-syn - encoded by the SNCA gene - is expressed in the brain
and found in an aggregated form (Lewy bodies) in the brain tissue of PD patients, which is a PD
hallmark [116]. A mutation in the SNCA gene causes one of the monogenetic forms of PD. It has
been suggested that a-syn can be secreted into the extracellular space of the brain and therefore
it should be detectable in biofluids [117]. Indeed, some biomarker studies have reported changes
in the levels of a-syn in CSF and plasma of PD patients compared to control individuals [118-
120]. When secreted at high concentrations, extracellular a-syn can potentially damage healthy
functioning neurons and spread the PD pathology by propagating in a prion-like fashion [121].

Apolipoproteins are also involved in the development of many neurodegenerative disorders, and
they could potentially be used as PD biomarkers [122]. Especially, two of them - apolipoprotein
Al (ApoAl), the main constituent of high-density lipoprotein (HDL) particles, and apolipoprotein
E (ApoE), responsible for lipid transportation in the brain- have been suggested as PD
biomarkers. Lower levels of apoAl have been reported in the CSF of PD patients [123, 124],
potentially meaning that less efficient lipid transport leads to reduced brain cholesterol
homeostasis [125]. Moreover, orexin, a neuropeptide hormone expressed by a small number of
neurons in the hypothalamus, was found to be lower in PD patients compared to no-PD subjects
and thereby correlate with the severity of disease. As this hormone regulates many physiological
functions, including the sleep-wake cycle [126], low levels of orexin could explain excessive

daytime sleepiness from which PD patients frequently suffer in the late stages [127].

The development of useful biomarkers generally depends on the availability and the quality of
collections of diseased tissues or body fluids of individuals. Tissues like the brain are usually not
easily accessible as they can only be collected after surgery or autopsy. Arguably, the analysis
of cerebrospinal fluid (CSF) would be the ideal strategy for PD as it primarily manifests in the
central nervous system and has no barrier to the brain fluid. However, CSF is highly challenging
to obtain since it requires invasive techniques for sample collection. In contrast, other body fluids
are easily accessible in living patient; especially urine has the advantage that it can be obtained
in non-invasively. It also contains proteins from distal organs (potentially also from the brain).
However, it remained to be investigated if and to what extent PD and other neurodegenerative
disorders affect the urinary proteome. We have developed a pipeline combining the streamlined
and highly reproducible MStern workflow [20] with our state-of-the-art DIA proteomics workflow

for urinary proteome profiling in PD, as discussed later in this thesis.
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1.2.3. Ubiquitin and ubiquitin-like modifications

The ubiquitin fold is a versatile module that comprises a structurally conserved protein family that
regulates a plethora of processes in eukaryotic cells [128]. The high interspecies sequence
conservation indicated that their biological function is also highly conserved. Unlike small
chemical modifications of amino acids, which regulate protein function, such as phosphorylation,
ubiquitin (Ub) itself is a small protein that is coded by four genes in the human genome. It has
remarkable conservation in eukaryotic organisms, differing at only three out of 76 positions
between yeast and human. Most ubiquitin-like modifiers (Ubl) such as Nedd8 and Sumo are also
found in almost all eukaryotes. These proteins act as signals and share a common conjugation
mechanism. They are attached to another protein through an isopeptide bond between the
modifier's terminal glycine and an amine group of the target protein, provided by either a lysine
residue within sequence or by the N-terminus [128]. Furthermore, there are type Il ubiquitin-like
domains which also show significant sequence similarity to ubiquitin [128]. However, unlike
ubiquitin that requires C-terminal chemistry, they lack the terminal diglycine signature, hence

cannot be conjugated.

1.2.3.1. Overview of the ubiquitin system

The attachment of ubiquitin to a substrate protein is called ubiquitination. This process involves
three main steps performed by different sets of enzymes: (i) activation by ubiquitin-activating
enzymes (E1s), (ii) conjugation by ubiquitin-conjugating enzymes (E2s) and (iii) ligation by
ubiquitin ligases (E3s). So far, two E1s, a limited number of E2s (~30), and hundreds of E3s have
been identified in humans [129] (Figure 10). This three-step hierarchical mechanism occurs in all

ubiquitination reactions, independent of the fate of the substrate.

The highly conserved activation of the C-terminus of the ubiquitin (Ub) protein is an ATP-
dependent two-step process in eukaryotes. The formation of Ub-adenylate intermediate is
followed by the reaction of this intermediate with an E1 cysteine residue to form an E1~Ub thiol
ester. A fully loaded E1 carries two molecules of activated ubiquitin, one as an adenylate and the
other as a thiol ester, which is transferred to a cysteine residue of the next enzyme in the cascade,
the E2. E3 ligases mediate the final step, which is the transfer of Ub to the substrate. Depending
on the E3 type, this can either occur by direct transfer of ubiquitin or after thioester formation of
the ubiquitin with the E3. Subsequently, an isopeptide bond is formed between the lysine e-amino
group of the substrate and the C-terminal carboxyl group of Ub. In mammalian cells,
ubiquitination ligation to the N-terminal amino group and non-canonical residues such as serine,

threonine, or cysteine forming peptide, ester, or thioester linkages, have also been described.
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The principles outlined above are well established. However, most of the time, the substrate, the
ubiquitin, and the ubiquitin loaded E2 must all be present together at the reaction center. This
indicates that the E3 ligases must play an important role in coordinating the alignments of multiple
proteins involved in the reaction. Strikingly, the human genome encodes for about 500-600
ubiquitin ligases, which is comparable to the over 500 predicted kinases. They are highly
important to control the efficiency of the ubiquitination reaction and to confer substrate specificity.
Given that each ubiquitin ligase targets several substrates, dissection of the diverse mechanisms
underlying substrate recognition by E3s would help to better understand how ubiquitination drives
various cellular functions. In general, E3 ligases contain different domains and can be
mechanistically divided into three main classes: RING (Really Interesting New Gene)/U-box,
HECT (Homologous to E6AP C-terminus) and RBR (RING-Between-RING) type ligases [130].
The RING and U box types constitute the largest E3 subfamilies. They interact noncovalently
with ubiquitin-loaded E2 ligases and transfer ubiquitin from the E2 to the substrate in a single
step [130]. In contrast, the HECT-type and RBR type E3s require a catalytic cysteine residue and
form a thioester-linked ubiquitin intermediate before passing ubiquitin on to a target protein via

the transthioesterification reaction [130].

Ubiquitination is a reversible event, and its removal is mediated by several specialized families
of proteases, the deubiquitinases (DUBs) [131]. More than 100 deubiquitinating enzymes
hydrolyzing peptide bonds play crucial roles in recycling ubiquitin from proteasome substrates

and in stabilizing proteins by counteracting their poly-ubiquitination.

Ubiquitin can be linked to substrates as a monomer, or in the form of isopeptide-linked polymers
called polyubiquitin chains. Eight distinctive linkages can be formed either through Metl (linear
Ub chain) or seven lysine residues (Lys6, Lys11, Lys27, Lys29, Lys33, Lys48- and Lys63). The
polymerization state is important as its structure can influence the substrate’s fate. Ubiquitin can
also be modified by other modifications, including phosphorylation, acetylation and ubiquitin-like
modifies such as sumoylation [132]. This complexity was previously has called the ‘ubiquitin
code’ [133], describing that various ubiquitin modifications create a plethora of ubiquitin chain

topologies, which can affect the fate of a substrate protein in multiple ways.
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Figure 10. Summary of the ubiquitin system (adapted from [134])

1.2.3.2. Cellular ubiquitin-signaling

The importance of this protein-based modification first emerged 40 years ago when its well-
known role to mark proteins for degradation and functionally distinct signals in proteasomal and
lysosomal proteolysis was discovered [135]. Ubiquitination affects proteins in many ways and is
also known to have non-proteolytic roles such as changing cellular localization of targets,
modulating their activities, and altering protein-protein interactions. Large-scale proteomics
studies have identified thousands of proteins targeted for ubiquitination [136-139], indicating that

most proteins experience ubiquitination at some point in their cellular lifetime.

The mono-ubiquitination plays an important role in many other cellular processes such as protein
and membrane trafficking, protein kinase activation, DNA damage repair, and DNA replication
[140]. With the discovery of different linkage types and linkage-specific enzymes, researchers
became very interested in studying ubiquitin chain signaling to identify distinct roles of various
linkage types. As mentioned above, besides the heterotypic chains branched from eight possible
linkage points, Ubiquitin can harbor Ubl modifications or acetylation on Lys residues and eleven
potential phosphorylation sites, generating a complex code of a nearly unlimited number of

potential combinations [132].

Poly-ubiquitin chains, in particular the most abundant K48-linked chain, serve as recognition
signals for the 26S proteasome and initiate proteolysis of the substrate, which is the primary
regulator system for protein abundance in cells [141]. In contrast, the second most abundant

chain type linked via K63 has various non-degradative roles, such as endosomal sorting [141].
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K33 linkages are implicated in post-Golgi protein trafficking [142]. Although the cellular function
of K6-linked ubiquitin chains remains unclear, several studies have connected it to mitophagy
and mitochondrial quality control. The anaphase-promoting complex (APC/C), together with the
E2 enzyme UBE2C forms K11 linkage, which is a powerful signal for proteasomal degradation
that regulates mitotic exit [143]. K27 chain plays a role in innate immunity and DNA damage
response which is triggered by the ATM pathway [144]. The K27-linked polyubiquitination of
histone 2A (H2A) proteins represents the major chain type on chromatin upon DNA damage
[145]. While K29-linked chains are known to inhibit the Wnt signaling pathway, linear ubiquitin
chains (M1-linked) play pivotal roles in inflammatory and immune responses by regulating the
activation of NF-kB [144]. Moreover, ubiquitin phosphorylation is involved in mitochondrial quality
control through mitophagy, which is an important mechanism linked to neurological disorders
such as Parkinson’s disease. The phosphorylation of Ser65 on ubiquitin by PINK1 is required for
activation of the ubiquitin ligase Parkin. This activation is essential for the recruitment of
autophagy receptors and promotes the formation of K6-, K11-, K48- and K63-linked chains on
MOM proteins by Parkin (reviewed in [144]). Although we still lack a clear and complete picture
of the biochemical mechanisms carried out by eukaryotic ubiquitin-like modifiers, many studies
have also elucidated their essential functions. For instance, sumoylation regulates
nucleocytoplasmic transport and cell cycle progression [146] while ISGylation plays an important
and specific role in interferon-mediated responses to viral infection [147]. Finally, dysregulation
of the components of the ubiquitin system contributes to many diseases, such as cancer,
neurodegenerative diseases, cardiovascular diseases, immunological disorders, and
inflammatory diseases [5]. Unsurprisingly, the biotechnology and pharmaceutical industries has
started to search for modes of regulations and potential chemical inhibition of the ubiquitin

system.

1.2.3.3. Quantifying ubiquitin-signaling by MS-based proteomics

Ubiquitination is one of the most challenging PTMs to study due to its size, low abundance, and
dynamic regulation. Furthermore, the large number of proteins that constitute the ubiquitin
system and the enormous number of ubiquitin substrates require sophisticated approaches to
study different aspects of ubiquitin signaling, including substrates and chain architecture (types,
length, quantity, PTMs, etc.). Mass spectrometry has become a very powerful tool in quantifying
ubiquitin-signaling in cells and tissues, and recent advancements in MS techniques and
biochemical methods have greatly improved our understanding of the physiological significance

of the ubiquitin system.

The pioneering method to identify ubiquitin targets used transient or ectopic expression of N-
terminal epitope-tagged ubiquitin variants, such as 6xHIS-Ub and STREP-Ubi [136, 148]. These
variants can still be conjugated to the substrate proteins and the conjugates are then enriched

by affinity purification. Another strategy employed biotinylation under a very stringent denaturing
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condition to identify ubiquitinated substrates [149]. Besides the identification of target proteins,
MS also allows the precise mapping of ubiquitinated sites on targeted proteins (Figure 11). The
most common method takes advantage of an immunoprecipitation approach, in which
monoclonal antibodies specifically enrich for peptides derived from the ubiquitinated region of
proteins [137, 138, 150]. The C-terminus of the mature ubiquitin has the amino acid sequence
KESTLHLVLRLRGG, in which the last glycine (Gly, G) is conjugated to lysine residues on target
proteins. After proteolytic processing using trypsin the conjugated ubiquitin is released. This
leaves two Gly residues on the modified lysine residues, generating a new type of peptide. These
peptides are termed “ubiquitin remnant-containing peptides”. The di-glycine (di-Gly) adduct
creates a 114.04 Da monoisotopic mass difference. Therefore, detection of this unique mass
difference on lysine residues by MS allows the identification of both the ubiquitination site as well
the ubiquitinated protein. The commercialization of di-Gly antibodies has significantly accelerated
MS-based ubiquitinome analysis and enabled a variety of quantitative and systems-wide studies
[151-155]. However, there are two major limitations of this approach. The first one is its inability
to recognize linear ubiquitin signature peptides and the second on is that two ubiquitin-like
modifiers, NEDD8 and ISG15, can also generate an identical di-Gly remnant on modified lysines
when cleaved by trypsin. Therefore, it is impossible to distinguish them among all di-Gly based
modifications detected by mass spectrometry. Although these ubiquitin-like modifications only
account for a very small percentage of di-Gly modified peptides (<6%), the “ubiquitin remnant-
containing peptides” do not represent the pure population of ubiquitinated peptides [156]. A
recently described antibody targeting a longer remnant generated by the LysC digestion can
exclude ubiquitin-like modifications and allow detection of N-terminal ubiquitination [139, 157].

To assess ubiquitin linkage-type, chain size and architecture, several methods have been
developed in the last decade. Monoclonal antibodies that can recognize all ubiquitinated proteins
or chains are important reagents in this field [158] and they have also been utilized in proteomics
studies [143, 159]. However, these antibodies often exhibit high cross-reactivity. Ubiquitin traps,
such as tandem ubiquitin-binding entities (TUBES) [160], differing in number and types of UBD
(ubiquitin-binding domain), linker length and type of epitope tag have also been engineered for
affinity purification of ubiquitinated proteins. These tools have the advantage of protecting
ubiquitinated proteins from DUBs during purification, and purified proteins can be further
analyzed by western blotting or mass spectrometry. However, neither these tools nor antibodies

can selectively recognize atypical linkages.

Recently, screening for non-antibody protein scaffolds resulted in the linkage specific ubiquitin
affinity reagents for the detection of K6 and K33-linked polyubiquitin chains [161]. Although these
linkage specific reagents are very useful, they cannot distinguish complex topology of ubiquitin
branches. The ubiquitin chain enrichment middle-down MS (UbiChEM-MS) method allowed the

characterization of branched conjugates by combining chain enrichment using linkage specific
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UBDs, minimal trypsin digestion and middle-down MS [162]. Furthermore, the recently published
Ub-clipping approach uses an engineered viral protease that removes ubiquitin but keeps the
branching information on the modified lysine [163]. The remaining ubiquitin and substrate
polypeptides are kept intact. This method enables quantification of multiple diGly-modified
branch points and can also determine co-existing PTMs on ubiquitin modification. There are also
several antibodies suitable for Western blotting that detect small chemical modifications such as

Ser65 phosphorylation and Lys48 acetylation.

Quantitative proteomic methods, including SILAC and TMT labeling, can be coupled with the
enrichment strategies to analyze relative changes in ubiquitination and identify perturbation-
relevant regulatory sites in complex signaling networks. Absolute quantification was also adopted
to quantify the abundance of ubiquitin chain linkage peptides (Ub-AQUA) by employing special
labeled ubiquitin peptide standards [164]. An alternative approach called Ub-PSAQ has the
advantage to account for experimental loss of protein by using ubiquitin protein standards.
Several studies that developed or utilized the tools described above have been published in the
last decades. They improved our understanding of the complex nature of ubiquitination-

dependent regulation, the ubiquitin system and signaling.
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Figure 11. Methods for mapping ubiquitination sites in proteins (adapted from [129]
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2. Aims of the thesis

In this thesis, | developed and applied different MS-based quantitative proteomics methodologies
with high accuracy and sensitivity to investigate the system-level dynamics of post-translational
modifications, which diversify and extend protein function beyond what is directly dictated by

gene transcripts. | primarily focused on phospho- and ubiquitin-signaling networks.

In the first part of my thesis, we aimed to develop a streamlined and scalable sample preparation
method for high sensitivity phosphoproteomics. We reasoned that such a protocol would
substantially minimize sample loss and variability, thereby allowing high reproducibility and in-
depth coverage of small input material. Our single-run, label-free workflow, which was built on
the EasyPhos platform could quantify over tens of thousands of phosphorylation sites and is now
routinely and successfully used in our laboratory. Next, we applied our protocol to obtain high
coverage and accurate proteome and phosphoproteome data from in vitro reconstituted CD34+
HSPCs undergoing different stages of erythropoiesis. In this study, our major goal was to gain a
system-wide understanding of how post-transcriptional and translational mechanisms are driving
terminal maturation. This project was carried out in collaboration with the group of Mitchell J.
Weiss at the St. Jude Children’s Research Hospital and of Brenda Schulman at the Max-Planck

Institute of Biochemistry.

Furthermore, we developed sensitive and accurate targeted MS-based phosphoproteomics
methods. Due to the low stoichiometry of endogenous phosphorylated peptides, accurate
measurements of phosphorylation levels upon kinase inhibitor treatment in clinical studies are
challenging. We applied our targeted assay to detect PD kinase LRRK2 targets by systematically
analyzing Rab protein family members that harbor the conserved LRRK2 phosphorylation site.
Moreover, we modified the assay to robustly detect and quantify occupancies of phosphorylated
Rab protein in PD patient cells. This assay is how a robust, highly sensitive and specific tool to
monitor LRRK2 activity and assess LRRK2 inhibitor efficacy in clinical studies. With the assay in
hand, we demonstrated that compared to healthy controls, the pathogenic mutation carriers have
more than two-fold increased pRabl10 levels. Our results establish pRabl1l0 as a treatment
efficacy- and stratification marker. These projects were conducted in an exceptionally fruitful
collaboration with the Alessi Lab from the University of Dundee, Suzanne Pfeffer from Stanford

University and funded by the Michael J Fox Foundation.

In the second part of my thesis, | embarked on the mass spectrometry-based analysis of the
ubiquitinome by studying different aspects of ubiquitin signaling. In a team effort with a PhD
student from our group, Fynn Hansen, we developed a sensitive and reproducible workflow for
the study of the ubiquitin-modified proteome. Firstly, we aimed to investigate the power of Data

Independent Analysis (DIA), which substantially improved data completeness and sensitivity in
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single run of ubiquitinome analysis compared to the DDA method. To demonstrate the
capabilities of our workflow, we also applied it to the well-studied TNF-signaling pathway and
performed global ubiquitinome analysis of circadian rhythm. | also identified proteins modified by
UBL3 -a novel ubiquitin-like molecule- in human cells. Furthermore, we aimed to establish a fast
DIA workflow for yeast proteome profiling in a collaboration with the group of Brenda Schulman,
where we subsequently used this workflow to find components and targets of the Gid E3 ligase
complex under different metabolic conditions in yeast. Lastly, together with Brenda Shulman’s
group we investigated how the location of the ubiquitin lysine mutation determines the distribution
of di-ubiquitin linkage types. For this goal, we established a targeted MS strategy to quantify the
levels of Ub chain linkage types.

Since the beginning of the COVID-19 pandemic many research groups focus on the investigation
of SARS-CoV2 and its mechanism of action to develop useful therapies. However, there were
only a few systems-wide studies of the cellular correlates of viral infection at the proteomic
level and they did not use the latest MS technology. Therefore, in the last months of my PhD
study, my main objective was to use my extensive experience in MS-based proteomics to study
host signaling processes affected by the SARS-CoV-2 at the levels of phosphorylation and
ubiquitination. Together with the Pichimair group at the TUM, we succeeded in obtaining a large

picture of the infection process in lung cells at the molecular level.
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Published in Nature Protocols (2018)

Advances in enrichment strategies, instrument performance, and computational analysis tools
have enabled global studies of dynamic protein phosphorylation. However, conventional
phosphoproteomics generally entails complex workflows that require specialized equipment and
relatively high amounts of sample lysate (~10 mg). Typically, urea-based protein digestion is
followed by peptide desalting and lyophilization. These steps have the potential to cause sample
loss. To reach depths required to cover key signaling components, many phosphoproteomic
workflows also comprise fractionation methods, resulting in numerous LC-MS/MS measurements
per biological sample to be analyzed. Finally, phosphpeptides are enriched using IMAC or TiO2
materials. The streamlined phosphopeptide enrichment protocol called EasyPhos was published
by Sean J. Humphrey in 2015 to address key challenges in this sample preparation process. This
protocol enabled the study of global phosphoproteome dynamics with minimal sample amounts
and reduced measurement times [1]. Although the protocol was being routinely and successfully
applied in our laboratory and allowed the analysis of phosphoproteomes at a depth of >10,000
qguantified phosphorylation sites, we still aimed for further improvements on the EasyPhos

protocol.

In this project, our objective was to make the upstream (lysis) steps of EasyPhos protocol more
streamlined and scalable, and to obtain even higher sensitivity in phosphoproteomics. We
eliminated protein precipitation and peptide clean-up and performed all steps in 96-well plates.
Our protocol significantly minimized opportunities for sample loss and variability, thereby allowing
high reproducibility and small input size (< 200 ug of protein starting material). The entire protocol
only takes about one day, whereas MS measurements require less than an hour per sample. We
published the updated protocol in detail in Nature Protocols in 2018, where it has been cited 50

times so far.
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Sean J. Humphrey"?*, Ozge Karayel®, David E. James"** and Matthias Mann
Mass spectrometry has transformed the field of cell signaling by enabling global studies of dynamic protein
phosphorylation (‘phosphoproteomics”). Recent developments are enabling increasingly sophisticated phosphoproteomics
studies, but practical challenges remain. The EasyPhos workflow addresses these and is sufficiently streamlined to enable
the analysis of hundreds of phosphoproteomes at a depth of >10,000 quantified phosphorylation sites. Here we present a
detailed and updated workflow that further ensures high performance in sample-limited conditions while also reducing
sample preparation time. By eliminating protein precipitation steps and performing the entire protocol, including
digestion, in a single 96-well plate, we now greatly minimize opportunities for sample loss and variability. This results in
very high reproducibility and a small sample size requirement (<200 pg of protein starting material). After cell culture or
tissue collection, the protocol takes 1 d, whereas mass spectrometry measurements require -1 h per sample. Applied to
glioblastoma cells acutely treated with epidermal growth factor (EGF), EasyPhos quantified 20,132 distinct
phosphopeptides from 200 pg of protein in less than 1 d of measurement time, revealing thousands of EGF-regulated
phosphorylation events.

Introduction

Phosphorylation is a widespread post-translational modification that regulates essentially all cellular
processes’. With at least two-thirds of cellular proteins harboring one or more phosphorylation sites®,
elucidating complex phosphorylation events on a proteome-wide scale is a major endeavor. Mass
spectrometry (MS5)-based proteomics has been used to study dynamic cell signaling for more than a
decade™, and phosphoproteomics has now become a burgeoning field™ ™.

we recently developed the EasyPhos technology to facilitate rapid and reproducible phospho-
peptide enrichment by optimizing and minimizing workflow steps and performing the entire protocol
from digestion to enrichment in parallel 96-well format'”. EasyPhos maximizes phosphoproteome
coverage and reproducibility of phosphopeptide quantification in single liquid chromatography- M5
(LC-MS5) runs, without requiring fractionation. The single-run format greatly increases sample
throughput, enabling large experiments comprising hundreds of samples to be analyzed with minimal
measurement time, in turn enabling sophisticated phosphoproteomics experiments to be performed.
We have recently applied this workflow to several studies of global phosphorylation dynamics,
including those examining time-resolved insulin signaling™ and circadian rhythms'' in the liver,
kappa opioid receptor signaling in the brain'* and glucose- and drug-enhanced insulin secretion in
pancreatic insulinoma cells"™, as well as using it to identify bona fide substrates of LRRK2 (ref. ).

Here we provide an in-depth and updated workflow for the enrichment of phosphopeptides from
complex samples in single-run format using the FasyPhos platform. We highlight critical steps in the
preparation of samples for phosphoproteome analysis and evaluate instrument parameters for effi-
cient sequencing of phosphopeptides on two versions of the benchtop Orbitrap mass spectrometer,
which should serve as a starting point for phosphoproteome measurements on other LO-MS plat-
forms. We also briefly describe the analysis of phosphoproteomics data using the MaxQuant com-
putational platform and demonstrate how the protocol is appropriate for rapidly measuring global
phosphoproteomes by analyzing EGF-treated glioblastoma cells.

'School of Life and Emvironmental Sciences, The University of Sydney, Sydney Mew South Wales, Australia. *The Charles Perkins Centre, The
University of Sydney, Sydney Mew South Wales, Australia. *Max Planck Institute of Biochemistry, Martinsried, Germany. *Sydney Medical School, The
University of Sydney, Sydney New South Wales, Australia. *NMNF Center for Protein Research, Faculty of Health Sciences, University of Copenhagen,
Copenhagen, Denmark. *e-mail: seanhumphrey@sydney.edu.au; mmani@biochem.mpg.de
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Approaches for analyzing global phosphorylation by mass spectrometry

The low abundance, high complexity, and highly dynamic nature of phosphorylation necessitates the
enrichment of peptides containing only phosphorylated serine, threonine, and tyrosine residues
before measurement by MS. To this end, several methods for enriching phosphopeptides from a
complex background of nonphosphorylated peptides have been developed. Most strategies have used
a dimension of peptide fractionation, either after'™'", or more often before, a second phosphopeptide
enrichment stage using immobilized-metal affinity chromatography (IMACY™"* or metal-oxide
affinity chromatography (MOAC; typically using Ti0, (refs *'*%)). The peptide-fractionation
approach of choice has most commonly been strong cation exchange (SCX) chromatography™'™*
however, more recently, high-pH reversed-phase chromatography combined with fraction con-
catenation™ has also been shown to be particulary powerful™. Such multistage approaches have
enabled deep phosphoproteome coverage™"; however, this often requires specialized fractionation
equipment and can be difficult to make sufficiently robust, especially for label-free quantification.

Single-run phosphoproteomics workflows, in which one or more biological samples are measured
in each LC-MS run, are particularly powerful because they greatly improve sample throughput,
accelerating the measurement of studies comprising many samples, such as time-series experi-
ments'™"'_ Single-run phosphoproteomics methods also have an inherent sensitivity advantage over
multistage approaches involving peptide fractionation because peptide species are not diluted
between multiple fractions. For example, a previous single-run approach quantified ~1,000 phos-
phorylation sites from only 10,000 cells™. We recently developed a single-run phosphoproteomics
workflow, called EasyPhos, with the aim of simplifying the measurement of very large numbers of
phosphoproteomes without compromised coverage'. A key feature of EasyPhos is the elimination of
peptide desalting steps before phosphopeptide enrichment. In other protocols, peptide desalting is
typically performed by solid-phase extraction (SPE), using C18 or a mixed-mode material that
enables the removal of interfering compounds that are not compatible with the subsequent phos-
phopeptide enrichment steps. In the original EasyPhos workflow, these peptide desalting steps are
eliminated by performing protein precipitation, followed by protein digestion in a buffer that is
directly compatible with phosphopeptide enrichment, 2-2-2-trifluoroethanol (I'FE)"™. ‘I'his offers
several advantages: (i) considerable costs are saved by eliminating materials required for peptide
desalting by SPE (often several hundred dollars for 100 samples); (i) opportunities for peptide losses
during desalting are minimized (because of incomplete binding to the solid phase, incomplete peptide
reconstitution, or precipitation); (iii) variability both within and between experiments is reduced; and
{iv) it requires fewer time-consuming steps. Collectively, this facilitates the enrichment of many
samples in parallel.

Although the published FasyPhos method performs well in diverse biological contexts, it was
originally optimized for ~1 mg of protein starting material. T'o enable its use in situations in which
only minuscule amounts of material are available, we have made several key improvements, described
here. First, we now eliminate the requirement for protein precipitation, enabling the entire workflow
to be performed in a single tube or a 96-well plate. This limits sample losses during precipitation and
during contact with multiple types of plasticware, reduces processing time by a whole day, and
facilitates rapid and reproducible sample handling. Second, we extensively re-evaluated all buffers
used throughout the workflow to maximize performance with reduced amounts of starting material.
To balance sensitivity with deep phosphoproteome coverage, we aimed for a five-fold reduction in
protein material used in a typical experiment (to 200 pg). Together, these changes markedly improve
the performance of EasyPhos in high-sensitivity applications in which <1 mg of protein material is
available. The refined workflow is therefore now applicable to a greater range of biological and clinical
contexts. Moreover, the method can now be completed in less than half the time of the original
workflow, with fewer manual sample-handling steps, and substantially reduced material costs.

Improvements to the EasyPhos workflow

In the originally described method, proteins were solubilized in buffers containing powerful chao-
tropic agents such as guanidine hydrochloride (GdmC1) (refs "™') or sodium dodecyl sulfate (SDS;
ref. ''). ‘These reagents must thereafter be removed because they are not directly compatible with
phosphopeptide enrichment, they strongly inhibit the activity of trypsin (GdmCI)™, and they
interfere with reversed-phase separation of peptides and electrospray ionization (SD%). This neces-
sitates protein precipitation using acetone or chloroform-methanol, and protein pellets must be
resuspended as microparticles using ultrasound in a mild 'TFE-based buffer for proteolytic digestion
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Fig. 1 | Schematic of the EasyPhos platform for high-throughput phosphoproteomics. a b, Steps iwolved in preparing samples using the onginally
published EasyPhos workflow (a) and the updated high-sensitivity workflow desoribed in this protocol (B). Samples are lysed in sodium deaxycholate

(500} buffer, dipested with Lys-C and trypsin, and enriched directly in 96-well-plate format, followed by StageTip cleanup and LC-M5/M5
measurement. Steps associated with the protocol described here are indicated.

(Fig. 1a). This approach is highly effective at removing interfering buffer components and works
particularly well with larpe amounts of protein at high concentrations. However, protein precipitation
is often not reliable when minimal material is available, and it is also not casily applied to large
numbers of samples. To resolve these limitations, here we present an updated version of the EasyPhos
workflow in which lysis, digestion, and phosphopeptide enrichment steps can be performed in a
single tube, without the need for intermediate protein precipitation or peptide cleanup steps (Fig. 1b).
We reasoned that this could be achicved by identifying a lysis buffer that simultancously (i) is strong
enough to efficiently lyse cells and disrupt intracellular membranes to cnable effective protein
solubilization; (i} docs not substantially interfere with the activity of trypsing and (iii) is completely
compatible with phosphopeptide enrichment steps and subsequent LC-MS measurement. Sodium
deoxycholate (SINC) satisfies the first two criteria, efficiently solubilizing proteins at high con-
centrations without inhibiting trypsin, and producing high-quality protcome djgcslsa"a':_ However,
phosphopeptide enrichment is performed at low pH (cg., uwsing buffers containing 6% (volfvol)
trifluoroacetic acid (TEA]} to protonate acidic residues (glutamic and aspartic acid), thereby limiting
their binding to MOAC or IMAC beads. This in turn reduces the recovery of unwanted nonpho-
sphorylated acidic peptides. Under these low-pH conditions, however, SDC precipitates due to the
extremely low aqueous solubility of deoxycholic acid (the conjugate acid of SDC), and risks
co-precipitating peptides, complicating its use as a lysis buffer for phosphoproteomics workflows.
To resolve the acid-induced precipitation of 5DC, we investigated the solubility of deoxycholic acid
in various solvents. Although it is essentially insoluble in water (<0L05% (wtfvol)), we found that it is
around fivefold more soluble (-025% (wtivol)) in 50% (volfvol) acctonitrile (ACHN), and a striking
=100-fold more soluble (>5% (wtivol}) in 50% (volivol) isopropanol (150). ACN is a polar aprotic
solvent, whereas 1S() is a polar protic solvent and can therefore better solubilize bile acids such as
deoxycholic acid via hydrogen bonding. The presence of at least 50% (volivol) ACM has been a
mainstay feature of almost all phosphopeptide enrichment protocols becawse it very effectively
reduces nonspecific binding of nonphosphorylated ]_:rcpl:id.cs‘“. It was previously shown that high
concentrations of ACN (70% (volfvol)) enable the use of low concentrations of SDC (12 mM, ie.,
0.5% during lysis and 0.1% during proteolysis) in single-run phosphoproteomics workflows™. Here
wie show for the first time that by substituting ACN for 150 in the phosphopeptide enrichment buffer,
wie can exploit this ability of 150 to eliminate the precipitation of even very high concentrations of
SIMC (=1% (wtivol)) under acidic conditions. This in turn provides a buffer that satisfics all three
conditions presented above and eliminates the need to perform any protein precipitation or peptide

NATURE PROTOCOLS | VO 13| SEPTEMBER 2008 ) 1897 -194: | wanw.naburecom,/ nprot 1899

38



High-throughput and high-sensitivity phosphoproteomics with the EasyPhos platform

PROTOCOL NATURE PROTOCOLS

dezalting steps before phosphopeptide enrichment. The resulting phosphoproteomics workflow is
therefore ideally suited to high-sensitivity applications. It also increases throughput and applicability
to robotic automation. 1500 is also an attractive wash-buffer solvent, as it is both relatively inexpensive
(costing around half as much as ACN) and, as we found in practice, particalarly cffective at solu-
bilizing and removing nonpeptide contaminants from beads and plasticware without interfering with
phosphopeptide enrichment. Therefore, 150 replaces ACN in both enrichment and wash buffers in
the updated workflow.

Because EasyPhos was originally desipned to handle -1 mg of starting material, we also system-
atically imvestigated cxperimental parameters with a view toward improving performance by using
smaller amounts of starting materials. These induded the specific composition of enrichment, wash
and elution buffers and conditions, as well as steps for post-corichment phosphopeptide desalting,
Many paramcters had little effect on the performance of the workflow at higher sample loads,
but when smaller amounts of starting materials were wsed, opportunities for maximizing phospho-
peptide identification became apparent. For example, using limited amounts of starting materials,
we found that reducing the concentration of monopotassium phosphate (KH;POL), used in
the enrichment buffer to enhance the specificity of phosphopeptide enrichment, from 5 to 1 mM
resulted in consistently  higher phosphopeptide yields and  substantial gains in  sensitivity.
Through these optimizations, we ultimately improved the performance of the protocol under sample-

limited conditions.

Evaluating the sensitivity and reproducibility of the method

To quantitatively compare the performance of the updated method when wsed with low amounts of
starting matcrials, we directly compared it with that of the original workflow', including the acetone-
precipitation steps. With 200 pg of protein starting material, and wsing 90-min LC gradients on a )
Exactive HF mass spectrometer, the median MS1 ion signal contributed by phosphopeptides is
around twofold greater across the entire LC pradient when using the workflow described in this
protocol (Fig. 2a), leading to the identification of approximately threcfold more phosphorylation sites
under otherwise identical conditions (starting material, mass spectrometer, and LC) (Fig. 2b). The
updated workflow also identifies =90% of the phosphorylation sites found by the original workflow, in
addition to a large pool of newly identified sites (Fig. 2c). These tend to be more hydrophobic (Fig, 2d),
despite being shorter in length on average, and have fewer missed deavages (Supplementary Fig 1ah).
This suppests that SDC digestion may be better able to access deavage sites that were previously
inaccessible. The majority of newly identificd phosphopeptides are singly phosphorylated, because of
optimized enrichment buffers, and notably, this comes with a gain rather than loss of higher-
phosphorylated (21 and 3F) species (Fig. Ze). A larpger proportion of phosphopeptides were quantified
in all replicate samples measured (Fig. 2f, Supplementary Fig. 1c). This is likely due to improved
phosphopeptide M51 signal intensity, again due to optimized enrichment conditions. Elimination of
protein precipitation and reduced sample-handling steps have a beneficial effect on reproducibility,
with correlation coefficients of workflow replicates as high as 095 (averape) as compared with 088
(averape) under conditions identical to those of the original workflow (Fig. 2g).

To further evaluate performance across a range of starting materials, we performed a dose-titration
cxperiment in which the protein amount was varied from 25 to 750 pg, and phosphopeptides werne
measured on a O Exactive HF benchtop instrument with 90-min LC gradicnts (Supplementary Fig. Za).
We performed all experiments in quadruplicate, with replicate samples enriched from identical
starting material divided according to protein content (bicinchoninic acid (BCA) assay) and subse-
quently kept entirely separate for the complete workflow (ie, the 25-pg condition corresponds to
25 pg of protein processed four times separately, not 100 pg of starting material processed once and
diluted for four replicate injections). This is an important distinction, as the adsorption of small
amounts of protein and peptide to plasticware probably has a major effect on sensitivity, as well as
variability. The uwpdated workflow is capable of quantifying almost 4,000 phosphopeptides in cach
sample from as little as 25 pg of cell lysate and =8,000 phosphopeptides using the "match between
runs’ algorithm in MaxCOuant and a library comprising the other measurements in the same
experiment (Supplementary Fig. 2a). Under these sample-type, M5 and LC conditions, we found that
the method effectively saturates at ~ 500 pg, with 16,000 phosphopeptides quantified in cach sample.

Fecent improvements in benchtop Orbitrap mass spectrometers have increased scanning speed
and ion isolation performance () Exactive HF)Y"™*
increased ion current by incorporating an ion funncl™ and a larger ion transfer capillary () Exactive

. and more recently, the manofacturer has
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Fig. 2 | Performance evaluation of the EasyPhos method using limited starting material. All data were measured on a O Exactive HF, and samples
were prepared from protein equally divided into four workflow replicates (n = 4) for the two workflows. For each replicate, 200 pa of protein
{determined by BCA assay) from untreated U-87 cells was processed using either the EasyPhos workflow as originally described™ (Original
workflow’) or the updated protocol described here (Updated workflow?). All samples were measured with identical conditions on a () Exactive HF
mass spectrometer with a 90-min LC gradient {3-41% buffer B; 80% {vol/val) ACHA00% (wol/vol) farmic acid). Only the amount of protein for a
single replicate {200 pg) was prepared for each replicate sample. a, Median phosphopeptide M5 intensity per 1-min window across the acquisitions.
b, Awerage number of quantified phosphorylation sites (class 1; localization probability > 0.75) in each sample. €, Overlap bebween all class 1
phosphorylation sites quantified by each method. d, Distribution of peptide hydrophobicity (GRAVY" for quantified phosphopeptides. &, Proportion of
phosphopeptides containing one (1F), two (2P, or three (3F) phosphate groups. §, Distibution of phosphorylation sites guantified in # replicate
samples. g Pearson corelation coeffickents and scatterplots depicting the bog-transformed intensities of phosphopeptides from the replicate
phosphopeptide enrichment experiments.

HE-X)™. This development is particularly relevant to phosphoproteomics experiments because these
arc constrained by the weak ion signal of low-abundance phosphopeptides. This results in relatively
long M5/MS accumulation times to achieve the high fragmentation spectral quality needed to
accurately localize phosphorylation sites, which in turn impairs the ability to accomulate precursor
ions and to detect fragment ions in parallel. The increased ion current provided by the latest
gencration of benchtop Orbitrap instruments therefore promises to be particularly beneficial for
phosphoproteomics experiments. We optimized key parameters to maximize phosphopeptide iden-
tification on this new instrument, including ion funnel radio frequency (RF), collision energy, and
M52 resolution and injection time (Supplementary Fig, 3}, and compared the performance of the
EasyPhos platform under high-sensitivity scenarios. Beginning with only 125 pg of material, we
measured phosphopeptides with shorter LC gradients of 1 h on both the () Exactive HF ("HF") and
the ¢} Exactive HF-X ("HFX"} instruments (Fig. 3a and Supplementary Fig. Zb). As with the previous
dose-titration serics, we performed quadruplicate experiments with replicate samples representing
separate workflow repeats using the same protein starting material. The € Exactive HF-X instrument
provided an -20% improvement in phosphopeptide identification from 50 pg of material, on a par
with the performance of the () Exactive HF instrument at twice the sample load (100 pg). The O
Exactive HF-X saturated at similar sample load, however, the maximom phosphopeptide identifi-
cation achieved per sample was considerably higher, reaching »15,000 phosphopeptides in each
sample measured.

Finally, we assessed the impact of different LC gradient durations on phosphopeptide identifi-
cation using the EasyPhos platform. For a gradient time denoted x, all gradients went from 2.4 to
15.2% (volivol) ACH in 067 x x min, followed by 152 to 32.8% (volivol) ACN in 0.33 x x min
(Equipment setup). All gradients were followed by a washout of 72% (volivol) ACN for 10 min. This
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Fig. 3 | Evaluation of the performance of the updated EasyPhos workflow with respect to starting material, MS
instruments, and LC gradient durathon. a, Average number of phosphopeptides quantified in each M5 un of a dose-
titration experiment spanning 12.5-400 pg of total protein material {determined by BCA as<ay) from untreated L-87
cells. Protein was pooled immediately after cell lysis and divided into four workflow replicates (n = 4) for each
conditson. Only the amount of protein for a single replicate was prepared for each independent workflow replicate.
Samples were measured on either a ) Exactive HF (HF) or a O Exactive HF-X ('HF-X7) mass spectrometer as
indicated, using 60-mén LC gradients. [hata were processed with or without the ‘Match between runs' algorithm in
Maz(duant enabled as indicated, to transfer M52 identifications between samples. b, Mumber of class 1
phosphorglation sites (lighter bars) and phosphopeptides (darker bars) quantified in each M5 mun on a () Exactive
HF-X instrument from 200 gg of protein (determined by BCA assay) from untreated U-87 cells, with different LC
mradient durations (r = 3k for a gradient time denoted x, all gradients went from 2.4 to 15.2% (vol/vol) ACH in
by = & min, followed by 152 to 32 8% (wolvol) ACH in 0.33 = ¥ min. All gradients were followed by a washouwt of
£ (volfeol) ACM for 10 min. e, Overlap of total quantified phosphorylation sites {class 1; localization probability =
0F5) measured using the different LC gradient lengths depicted in b.

approximatcly matches the solvent transit time from our pump to the emitter with the 40-cm column
and 350 ol min ' flow rate used, and therefore MS phosphopeptide data acquisition duration (e, the
time during which the vast majority of peptides are cluting) doscly approximates the gradient time
indicated. ‘With enrichments from 200 pg of unstimulated U-87 cell lysate measured on the O
Exactive HF-X system, we quantified over 13,000 class 1 phosphorylation sites and =15,000 unigue
phosphopeptides in cach run with %0-min gradients, and more than 7,000 class 1 sites and phos-
phopeptides in cach run with 15-min gradients (Fig. 3b). From three replicate measurements, there

o2 NATURE PROTOCOLS | VO 13| SEPTEMBER A8 | 18%7-19%: | wresw.nabure com,nprof

41



High-throughput and high-sensitivity phosphoproteomics with the EasyPhos platform

NATURE PROTOCOLS PROTOCOL

were in total 15,306 class 1 phosphorylation sites quantified with 90-min gradients and 7.809 class
1 sites with 15-min gradients (Fig. 3c). This represents a per-run phosphoprotcome depth of ~75%
greater than that of another recent single-shot phosphoproteomics study measured from 200 pg of
Hela cells, also using fast 15-min gradients on the HF-X instrument ™.

Materials

Reagents

* Cells or tissue samples. Wie demonstrate our protoco] by using the human glinblastoma odl line U-87
MG [ATCC, cat. no. HTB-14), which tested negative for mycoplasma contamination. This protocol
can he readily adapted for use with various cell lines, primary cells, and tissucs (sce Reagent sctup for
details on cellftissuc preparation). ! CAUTION All experiments involving animal or human samples
should adhere to the relevant governmental and institutional cthics guidelines and regulations.
PCAUTION The odl lincs used in your rescarch should be regularly checked to ensure that they are
anthentic and are not infected with mycoplasma.

= Sodium deoxycholate (S1C; Sigma-Aldrich, cat. no. Da750)

* I'ris{ Z-carhoxycthyl)phosphine hydrochloride (TCEP-HCL Fierce, cat. no. 204940)

* 2-Chloroacctamide (CAM: Sigma-Aldrich, cat. no. CO267)

» Bicinchoninic acid (BCA) Protein Assay Kit (Fierce, cat. no. 23225)

» Potassium hydroxide (KOH; Sigma-Aldrich, cat. no. P5958)

* Calcium chloride (CaCly Sigma-Aldrich, cat. no. 793639)

* Potassium dibydrogen phosphate (KH:PO4: Merck, cat. no. 5438410100)

» Iris(hydroxymethyllaminomethane hydrochloride (1ris-HCT)

= Endopeptidase Lys-C (Wako Chemicals, cat. no. 129-02541)

* Proteomics-grade modified trypsin (Sigma-Aldrich, cat no. T6567). We usc Sigma proteomics-grade
trypsin becanse we find it provides high-quality digests under the conditions described and is available
in various sizcs.

# Acctonitrile (ACN: Fisher Scientific, cat. no. A955-4)

* Mcthanol (McOH; Fisher Scentific, cat. no. A456-1)

* Isopropanal (150); Fisher Scicntific, cat. no. A461-1)

= Acetic acid (Ao Fisher Scientific, cat. no. A11350)

# I'rifluoroacctic acid (TFA: Merck, cat. no. 8082600100}

= Ammonia solation {25% wittvol; NHOH; Merck, cat. mo. 533003(050)

Equipment

= Decp-well plates, % wells (2-ml square wells; Eppendorf, cat. no. 0030504305). We use Eppendaorf
2-ml deep-well plates becanse the design of these decp-wdl plates (square edges with round bottom)
simplifics rapid supcrnatant aspiration, allowing aspiration without disturhing the bead pellets
(Supplementary Fig. 4).

= Silicone scaling mats for 2-ml decp-well plates (Eppendorf, cat. no. 00300127960). We use Eppendorf
scaling mats because they have high chemical resistance, do not leach polymers into the samples, and
seal tightly, preventing leakage during vigorous mixing.

» Temperaturc-controlled high-speed orbital shaker. Wie use an Eppendorf ThermoMixer C (Eppendorf,
cat. mo. 5382000015) because adapters are available for both 2-ml tubes and deep-well plates, it
supports high mixing velocities (2000 rpom.), and a “Thermol'op® accessory is available that prevents
lid condensation during prolonged incubations. If an alternative shaker is used, ensure that it can be
heated to 95 *C, can accommodate both 2-ml tubes and decp-well plates, and can operate at mixing
velocitics of 2,000 r.p.m.

* Microtip-probe sonicator (Branson, cat. no. SEX250 or 3FX450) and microtip probe (Branson, cat. no.
955% 30) or a powerful sonicating water bath. We use the Diagenode Bioroptor Plus {Diagenode, cat.
no. BO1020001) or (-Sonica QE00R (()-Sonica, cat. no. (Q800KR) systems because they provide a very
high output power, sufficient to shear DMA, and cnable processing of 12 samples in paralle] without
sample-instrument contact.

*2-ml tube adapter for orbital shaker (Eppendorf, cat. no. 5362000035)

= Decp-well plate adapter for orbital shaker (Eppendorf, cat. no. 5363000039)

* Thermol'op accessory for orbital shaker (Eppendorf, cat. no. 5308000003)

» Solid-phase extraction disks for SDB-RPS Stagelips: Empore SDP-RPS (Sigma-Aldrich, cat. no
66886-1). We usc sclf-fabricated plugged StageTips because they ane incxpensive and enable the use of
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mixed-mode SDB-RPS (strong cation exchange, reversed-phase) material. Commercial alternatives are
available; however, buffers may need to be adapted as appropriate.

» Solid-phase extraction disks for C8 StageTips: Empore C8 (Sigma-Aldrich, cat. no. 66882-11)

» Titanium dioxide (150,) beads: Titansphere Phos-TiC) bulk, 10 pm (GL Sciences, cat. no. 50010-21315).
Alternative beads and bead chemistrics such as IMAC may be used; however, the optimal composition
of enrichment, wash, and elution buffers may vary from those defined here.

* In-house 96-well Stagelip centrifuge device. 31 printers using fused-deposition modeling such as the
#ortax M200 or Ultimaker 3 instruments cnable the rapid (~12-h) and inexpensive fabrication of
devices capable of holding Stagel'ip devices and collection tubes for centrifugal-based processing of up
to %5 samples in parallel. If such a device is not available, a pipette-tip box may serve as a suitable
Stagrlip holder. !CAUTION Care should be taken when contrifuging to ensure items are folly
contained within centrifuge buckets, that they are cqually balanced., and that centrifugation speeds wsed
do not result in damage.

* Hlectronic positive-displacement pipette or cight-channel clectronic pipette: Eppendorf Multipette E3
(Eppendorf, cat. no. 4987000010) and Combitips (5 ml, 10 ml; Eppendorf, cat. no. 0030089669,
0030089677) or Eppendorf Xplorer (Eppendorf, cat. no. 4361000163) and pipette tips, for rapid liquid
dispensing (50-1.250 pl: Eppendorf, cat. no. 0030073320)

* Hight-channel 200-pl pipette: Eppendorf Rescarch plus (Eppendorf, cat. no. 3122000051) or Thermao
Fisher Finnpipette F1 (Thermo Fisher Scentific, cat. no. 4661030N) and 200-pl pipette tips
(Eppendorf, cat. no. 0030073266)

* PCR strip tubes (Thermo Fisher Scientific, cat. no. AB-(452)

= Scaling mats for PCR tubes: Axymat silicone scaling mat (Axygen, cat no. AM-96-PCR-RLD)

* Vacuum liquid aspiration line and disposable borosilicate Pasteur pipettes, 5% inches (Corning, cat.
no. TOHS1-5X)

» Evaporative concentrator {Eppendorf Vacoum Concentrator Flus or Genevac EZ-2), with 96-well plate
rotor & CRITICAL ‘Timings provided are based on the Eppendorf instrument and may vary with other
instruments, depending on cvaporative rate.

* Manospray columns for online ultra-high-performance liquid chromatography {UHPLC)-MS/MS
analysis. We use sclf-pulled fused-silica (Polymicro, cat. no. 1068150019), 360-pm o.d. = 75-pm id,
& to 10-pm id. tip, 40-cm-length columns packed in house with C18 material (ReproSil-Far, 120 ﬂ
CI8-A0, 1.9 pm (Ddr. Maisch, cat. no. r11%aq)). Commerdial alternatives may also be used, such as
EASY-Spray (Thermo  Fisher Scientific, cat noo ESB03) or Awrora (lonOpticks, cat. no
AUR-25075(18A) columns.

* UHPLL system for online LOC-MS/MS analysis (Thermo Easy-nlC 1000 or 1200 or Dionex Ultimate
3000 systems (Thermo Fisher Scentific)). We use the Easy-nlCC 1000 and 1200 UHPLC systems,
which can operate at nanoflow rates at pressures up to 1,000 and 1,200 bar, respectively. Mon-UHPLC
systems can be used, particularly with shorter columns, but we find that phosphopeptide identifications
typically decrease under these conditions.

# Column oven cnabling heating of nanospray columns to 50 “C (Sonation, cat. no. PRSO-VI)

* Mass spectrometer. Any modern mass spectrometer capable of M51 and M52 scans with sufficiently
high resolution and scanning speed, including instruments from the ) Exactive, Orbitrap
Fusion, LTQ-Orbitrap Elite, and LTQ-Orbitrap Vielos serics, as well as several TOF instrumcnts
may be used.

» Current MaxCQuant release (hitpe//maxquantorg) or other software for analyzing raw proteomics data,
installed on a suitable workstation or server. For in-depth details on MaxQuant setup and minimum
system requircments, sce Tyanova ct al™.

Reagent setup

Stock solutions

Stock solutions consist of 1 M Tris-HCl (pH 85), 5 M potassium hydroxide (KOH), 100 mM
KH,; Py, and 2 M calcium chloride {CaCly). All stock solutions can be stored at room temperatune
(RT; 20-25 °C) for 1 year.

SI¥5 lysis buffer
SIMC lysis buffer contains 4% (wtfvol) SIDMC and 100 mM Tris-HCI (pH 8.5). & CRITICAL This buffer
should be prepared fresh because 51 gelates and orystalises upon storage in solution.
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Reduoction/alkylation buffer

Reductionfalkylation buffer contains 100 mM TCEF and 400 mM Z-chloroacetamide {CAM],
brought to pH 7-8 with KOH. Empirically, we find that 80 pl of 5 M KOH added to 920 pl of 100
mM TCEF/400 mM CAM results in a solution of pH 7. ! CAUTION CAM is toxic. Preparc this
solution in a fume hood and handle it with gloves. & CRITICAL  Adjust the pH of redoction/alkylation
buffer by pipetting a small amount onto a pH indicator strip to ensure that the pH is neatral (pH ~7-8).
“This buffer should be prepared immiediately before use to ensare full activity of CAM, and cxcess must
be discarded safely after use.

Trypsin buffer
Trypsin buffer consists of 0.05% (volfvol) AcOH and 2 mM CaCl,. This buffer can be prepared and
stored at —20 °C for =1 year.

Enzyme reconstitution

Reconstitute a 1-mg vial of lyophilized trypsin in 1 ml of I'ry?sin buffer (1 mg ml ") and reconstitute
a 10-Al vial of Lys-C in 3 ml of Milli-Q) water (~1 mg ml ). Resuspend the enzymes by vortexing,
and then centrifuge cach vial (1,000¢ for 1 min at RT). & CRITICAL Afier reconstitution, enzymes
should be divided into aliquots, which can be stored for at least 6 months at —80 *C. Avoid multiple
frecze—thaw cycles.

EasyPhos loading buffer

EasyPhos loading buffer consists of 6% (volfvol) TFASB0% (vol/vol) ACN. DCAUTION TFA solutions
arc corrosive. Prepare the solutions in a fume hood and handle with gloves. This buffer is stable for
>3 months at K.

EF enrichment buffer

EP enrichment buffer consists of 48% (volivol) TFA and 8 mM KH,PO,. 'CAUTION TFA solutions
arc corrosive. Prepare the solutions in a fume hood and handle with gloves. This buffer is stable for
>3 months at K1

EP wash buffer

EP wash buffer consists of 5% (vol/vol) TEAGI (volfvol) 150, ' CAUTION TFA solutions are cor-
rosivie. Prepare the solutions in a fume hood and handle with gloves. This buffer is stable for =3 months
at KT

EP transfer buffer

EP transfer buffer consists of 0.1% (vol/vol) TFA/GD% (vol/vol) 150, ! CAUTION TFA solutions arc
corrosive. Prepare the solutions in a fume hood and handle with gloves. This buffer is stable for
=3 months at K.

EPF clution buffer

Add 200 pl of ammonia solution (NHOH) to 800 pl of 40% (vol/vol) ACH. & CRITICAL This buffer
must be prepared fresh (within 1h of use) because the pH will begin to increase due to its high volatility,
therchy reducing its clution strength.

SDB-RPS StageTip loading buffer

SDE-BPS StapeTip loading buffer consists of 1% (volivol) TEA in 1S0. ! CAUTION ‘TFA solutions arc
corrosive. Prepare the solutions in a fume hood and handle with gloves. This buffer is stable for
=3 months at KT

SDB-RPS StageTip wash buffcr 1

SDB-BPS StageTip wash buffer 1 consists of 1% (volivol) TEA in 150, 'CAUTION TFA solutions arc
corrosive. Prepare the solutions in a fume hood and handle with gloves. This buffer is stable for
=3 months at K1
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SDB-RPS StageTip wash buffer 2

SDMB-RP3 StageTip wash buffer 2 consists of 0.2% (vol/vol) TFAS% (volivel) ACH. ' CAUTION TFA
solutions arc corrosive. Prepare the solutions in a fume hood and handle with glowes. This buffer is
stable for =3 months at RT.

SDB-RPS StageTip clution buffer

Add 20 pl of NH.OH to 4 ml of 60% (volivol) ACH. & CRITICAL This buffer must be prepared fresh
(within 1 h of usc) becanse the pH will begin to increase due to its high volatility, therchy reducing its
clution strength.

MS loading buffer
M5 loading buffer consists of 0.3% (volfvol) TFA/Z% (volfvol) ACH. This buffer is stable for
=0 months at RT.

Cell or tissue preparation

Protein material derived from cells or tissuss can be used with the protocol. Tissue samiples should be
snap-frozen and can be stored under liquid nitrogen (LN,) for =6 months. Before use, tissue should be
ground to a fine powder using a mortar and pestle under LN Powdered tissue can be casily handled by
ensuring all surfaces contacting the sample, including tubes and metal spatulas, are prefrosen in LN
& CRITICAL Before lysis, coll and tissue samples should be free of phosphate salts, including disodium
phosphate and monopotassium phosphate, such as is found in phosphate-buffered saline, as these can
interfere with phosphopeptide enrichment efficiency. If phosphate-containing butfers are wsed to wash
cells or tissues, a final wash should be performed with a phosphate-froe buffer such as Tris-buffered saline.

Equipment setup

Stage'Tip sctup

(3 and SDB-RPS StageTips are prepared as described™, using Empore solid-phase extraction disks.
We use two plugs of C# or SDB-RPS material for the respective StageTips, punched out by using a
blunt-end 14-gauge syringe to pierce the ends of 200-pl pipette tips.

Ultra-high-performance liquid chromatography (UHPLC) sctop
The following UHPLC program is used at a flow rate of 350 nl min ', where buffer I is composed of

B0% (wolivol) ACN/01% (volfvol) formic acid and buffer A is composed of 0.1% (vol/vol) formic

acid.
Time interval {min} Gradient (% buffer B)
[1] 3
40 20
&l Al
65 )
o %)

Mass spoctromcter sctup
The MS parameters used for the LC-MS/MS analysis are as follows.

Setting Value () Exactive HF) Value { Exactive HF-X)
Irs trumest
Polarity Paositive Positive
S-lensdon-funmel BF bevel &b 45
Capillary temperature 300 300
Full M5
Microscans 1 1
Resolution 0,000 G000
Automatic gain control target 3 = 10" ion counts 3 = 10® jon counts
Table continued
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Procedure

{continued)
Selting Value (Q Exactive HF) Value () Exactive HF-X)
Mazirmiam bon time 1200 imes 120 ms
Scan range 3001600 m/z 300-1600 mez
dd-Mms*
Microscans 1 1
Resolution 15,000 15,000
Automatic gain control target 1 % 107 ion counts 1 = 107 lon counts
Mazirmiam bon tirme 00 ms S0 s
Lo count 1w L]
|=alation window 16 m#z 16 m/z
lalation affsat 4] o
Fixed first mass W ez 100 msz
Mormalized collision energy 7 ¥
DD settings
Minirmun AGC target 2 = 10" ion counts 2 = 10" lon counts
Apex trigger 245 2-4%
Charge exclusion Unassigned, 1, =5 Unassigned, 1, =5
Peptide match Freferred Prefarred
Exclude isotopes On On
Drynamic exclusion 0= 30=

G, asbomatic gain contrel, DD, daba depraadiori

& CRITICAL 'The Lo parameters described above are specific to peptide scparation using a nanospray
column packed with 40 cm of Repro&il-Pur 1.9-um 18 resin, and the MS paramcters are specific for
the analysis of phosphopeptide samples using a () Exactive HF or () Exactive HF-X mass spoctromcter.
Scttings arc intended to serve as a guide and may need to be adjusted for measurements using alternative
LC and MS instruments. For this purpose, we suggest performing several enrichments of a typical
sample type and pooling phosphopeptide elutions to provide multiple sample injections for identifying

optimal instrument scttings.

& CRITICAL Sce Fig. 1b for an overview of the workflow.

Lysate preparation @ Timing 1h

Chill S0 lysis buffer to 4 °C and add bysis buffer to the cells or powdered tissues (Reagent setup) to
achicwe a protein concentration of -2-5 mg ml !

A (RITICAL STEF Thc use of phosphatase and protease inhibitors in lysis buffers is discouraged
bocause chemical inhibitors differentially inhibit different enzymes and could therefore affect
distinct phosphopeptide populations™*; they may also interfere with proteome digestion. Heat
treatment immediately wpon lysis of cell and tissue samples (Step 2) is therefore a preferable
nonchemical enzyme-inactivation method for phosphoproteome analysis™*.

A (RITICAL STEP Because of the shsemce of any  protcin-concentration steps, volumes
should be kept to a minimum during lysis. For cell lines, we recommend that -200 pg of total
protcin starting material be used. For tissucs, more material may be required to maximiec
phosphoprotcome coverage: however, optimal starting material should be determined for cach
sample type.

A CRITICAL STEP In our cxpericnce, for ocll-based label-free experiments, three biological
replicates represent a minimum for identifying a large proportion of regulated phosphorylation
cvents, with four biological replicates serving as a typical optimal balance between M5 measurement
time and regolated phosphorylation site identification. For tissue samples, in which biological
variability may he greater, more replicates may be bencficial, and this should be investigated for
different sample types.

Immediately heat-treat lysates for 5 min at 95 “C to facilitate lysis and to inactivate endogenous
proteases and phosphatascs.
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3

u

Homogenize the lysates with sonication at 4 *CC (three 30-5 opdes of 1 5 onand 1 s off at 80% output
power for tip—probe sonicator, or two cycles of 10 min at maximum output power for a Bioruptor).
? TROUBLESHOOTING

Perform a BCA assay to determine the protein concentration. If you are not working with stable
isotope labcling with amino acids in ool culture (SILAC)-labeled samples continue to Step 6.
(Optional) For S1ILAC-labeled samples, prepare a single sample by mixing cqual amounts (by total
protcin content) from cach SILAC-encoded sample.

1¥ilute all samples to equal protein concentrations based on BUA assay results to achicve the desired
starting material in a final voluome of 270 pl of lysis buffer in a deep-well, @6-well plate.

? TROUBLESHOOTING

Reduction and alkylation @ Timing 5 min

7

Reduce disulfide bonds and carbamidomethylate cysteine residues by adding a 1:10 volume (30 pl)
of reduction/alkylation buffer to the samples. Scal the decp-well plate with a silicone scaling mat
and incobate for 5 min at 45 *C with shaking (1.500 rp.m.).

Enzymatic digestion @ Timing 16-18 h

Remowe the samples from heat and allow them to cool to BT, Add Lys-C and trypsin at an cneyme-
to-substrate ratio of 1:100 {(wit'wt) {cg, 2 pg of cach enzyme for 200 pg of protein), rescal, and
digest owernight at 37 “C with shaking (1,500 r.pom_).

? TROUBLESHOOTING

BPAUSE POINT Digested samples can be stored for wecks at —20 °C or for months at —80 “C.

Phosphopeptide enrichment @ Timing 3 h

& CRITICAL For all steps involving Stapelips, centrifugation durations indicated are a guide only—
longer or shorter spin speeds may be required to pass buffers completely through, depending on the
compression of the Stagelip bed.

9

Prepare onc C8 StageTip for cach sample, as described in the Equipment sctup and in the protocol
by Rappsilber ct al. ™.

BMFPAUSE POINT Stagelips can be prepared in advance and stored in a covered pipette-tip box for
several months at R

Add 400 pl of [50 o cach sample and mix thoroughly (1, 500 rp.m., 30 s).

A CRITICAL STEP Samples must be adequately mixed with 150 before continuing with the addition
of EP enrichment buffer (Step 11) in order to prevent formation of precipitates.

Add 100 pl of EF enrichment buffer (Reagent setup) to the samples and mix thoroughly (1,500 rpm.,
30 s).

ACRITICAL STEP Samples should be carcfully inspected for the presence of precipitate or
doudiness at this stage. If precipitate is present, samples should be cleared by centrifugation (2,000
for 15 min at K1) in the deep-well plate, and supernatants should be carcfully transferred o clean
wells of a 96-well plate before addition of Ti0, beads.

? TROUBLESHOOTING

Weigh the deep-well plate (incloding silicone sealing lid) containing the samples, and prepare a
halance plate for subsequent centrifugation steps by filling an unused plate with water to match the
mass of the sample plate.

Besuspend the 10, beads in EP loading buffer at a concentration of 1 mg pl ", and pipettc an
aliquot of suspended beads into cach sample, using whichever of the following is greater: (i) 2 12:1
(wtiwt) bead to protein ratio (cg. & mg of beads per 0.5 mg of protein) or (i) 5 mg per sample
(c.g. for 500 pg of sample, prepare a 6-pl aliquot of EP loading buffer containing & mg of beads).
Scal the decp-well plate with silicone scaling mat, taking care to ensure that a tight scal is achicved,
and incubate the plate at 40 *C with shaking (2,000 rpm.) for 5 min.

& CRITICAL STEF We recommend weighing out sufficient beads for several additional samples to
account for losses and to avoid running out mid-cxperiment.

A CRITICAL STEP 'Ti(); heads settle very quickly and must be mixed thoroughly immediately before
pipctting to ensure that the beads are evenly distributed.

A CRITICAL STEP Leaks will occur if the sealing mat is not securcly attached. A flat solid object such
as a tube rack can be used to apply force to help firmly press the sealing mat onto the deep-well plate.
? TROUBLESHOOTING
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13

1%

20
21

Fellet the beads by centrifugation (2,000g for 1 min at RT) and aspirate (discard) the
nonphosphopeptide supernatant using a glass aspirator tip attached to a vacuum hosc.

A CRITICAL STEF The supernatant can be almost completcly removed by aspirating down the
corner of the sample well, stopping only upon touching the base of the well, as shown in
Supplementary Fig. 4.

Add 1 ml of EF wash buffer to the samples, seal the plate with a silicone scaling mat, and incubate it
at BT with shaking (2,000 rp.m.) for 30 5. Adjust the weight of the balance plate as requined, pellet
the beads by centrifugation (2,000g for 1 min at K1), and aspirate (discard) the supernatant.
Kepeat Step 15 a further four times.

After the final wash, resuspend the beads in 75 pl of EP transfer buffer (Reagent setup) and transfer
to the top of a C8 Stage’l'ip (Equipment sctup). Add another 75 pl of EF transfer buffer to cach well
to capture any remaining beads and transfer these to the same C8 Stagelip.

Flace the Stagel'ips into centrifuge adapters and spin through to dryness (1,500g for -8 min at K1,
capturing the i), beads on top of the €8 matcrial.

ACRITICAL STEF Ensurc that all transfer buffer has passed through the Stagelips before
proceeding to clution. In the case that not all buffer has passed through the Stagel'ips, centrifuge for
another 3-5 min.

? TROUBLESHOOTING

Elute the phosphopeptides with 30 pl of EF cution buffer (Reagent sctup), centrifuge (1,500g for
~4 min at K1) to dryness, and collect the cuates into clean PCR strip tubes.

Repeat Step 19 and collect the two cluates into a single tube.

Immediately place the mbes into an cvaporative concentrator and concentrate under vacuum at
45 “(; until =15 pl of sample remains, without drying the samples completely.

& CRITICAL STEF 120 not allow the samples to concentrate to dryness here.

? TROUBLESHOOTING

StageTip desalting of phosphopeptides @ Timing 1h

22 Preparc onc SDB-RPS Stagelip for cach sample as described in the Equipment setup and in the
protocol by Rappsilber et al. ™.

B PAUSE POINT Stagclips can be prepared in advance and stored in a covered pipette-tip box for
several months at BT

23 Add 100 pl of SDB-KPS lnading buffer to cach sample (Reagent sctup), and then transfer cach
sample to the top of an SDB-RPS Stagclip (Equipment sctup).

24 Place the StapeTips into centrifoge adapters and centrifuge the sample through to dryness (1.500g
for ~8& min at R1).

? TROUBLESHOOTING

25 Wash the Stagelips once with 100 pl of SDB-EPS wash buffer 1 and centrifuge the sample through
tor dryniess (1.500g for ~8 min at BT).

26 Repeat Step 25 with SDB-RPS wash buffer 2 (Reagent setup).

B PAUSE POINT FPhosphopeptides can be stored bound to Stagelip material immediately before
clution, for several wecks at 4 (.

27  Elute the phosphopeptides by adding 60 pl of SDB-RPS clution buffer (see Reagent setup) to the top
of the Stage’lip, and centrifuge through to dryness (1.500g for -5 min at BT). Collect the cluates
into clean PCR strip tubes.

28  Immediately place the tubes into an evaporative concentrator and concentrate under vacunm at

45 (] to dryncss.
& CRITICAL STEP ‘The time to dryness will depend on the number of samples being processed. In a
correctly working Eppendorf Vacuum Concentrator Phas, this step takes 40 min: however, after the
first 30 min have clapsed, samples should be checked at intervals of 10 min and concentrated until
no liquid remains.

29 Reconstitute the phosphopeptides by adding 7 pl of M5 loading buffer (Reagent sctup) and cither
shaking for 2 min at 2,000 r.p.m. or incubating for 5 min in a sonicating water hath on low power,
then centrifuge the samples at 2,000¢ for 1 min at KT,

B PAUSE POINT Phosphopeptide samples can be stored in M$ loading buffer for several days at
4 ", several weeks at — 20 °C, or several months at —80 “C, provided an airtight scal is maintained
on the sample tubes.
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Troubleshooting

LC-MS/MS @ Timing 1d

30 Place the samples in an LC autosampler cooled to 4-8 “C. If the HPLC aumtosampler cannot
accommaodate PCR strip tubes, transfer the phosphopeptide samples to appropriate autosampler
vials. We typically injoct samples dircctly from the PCR tubes in which they were dricd in Step 28.

31 Sct up the nanospray column with a colomn heater set to 50 *(.

32 Analyze cach phosphopeptide sample using the UHPLC and M5 parameters outlined in the
Equipment sctup. For cach analysis, we typically load 6 pl of sample at a constant pressure of 950
bar (500 nl min—" with our 40-cm packed-tip emitters).

? TROUBLESHOOTING

Data analysis @ Timing >1d

& CRITICAL We typically analyze raw phosphoprotcomics data using MaxCQuant™ ™ and perform

downstream bininformatics analysis wsing the Perscus platfm'mm {described below). However, scveral

other suitable programs are frecly or commercially available that can be used to process

phosphoprotcomics data.

33 Specify the parameters used for scarching labed-free phosphoprotcomics data using MaxCuant.
T'ypical parameters are outlined in the table below.

Setting Walue

Raw data

Pararmeter group All samples: Group O

Experiment Enitesr unigue name, suffised by biokomcal replicate (e, ‘Control_17
Fraction All samples: 1

PTM True

Group-specific parameters

Type Standard

Multiplicity 1

Labels Maone

‘Wariable modifications Cridation (M), Acetyl (protein M-term), and Phospho (STY)
Digestion mode Specific

Enzyime TrypsindP

Maximum missed (cheavages) 2

Global parameters

FASTA files Specify protein sequence databases
Fined modifications Carbamidomethyl (C)

Second peptide True

Match bebwesn puns True

Match time window 0.7 min

Alignment time window 20 min

Advanced site intensities Yes

A CRITICAL STEP Dcfault scttings in MaxQuant arc typically optimal and can normally be left
unchanged, with a few cxceptions such as defining variable modifications as described above. Sce
Tyanova ct al"' for in-depth information about MaxQuant settings.

Samples are highly viscous after lysis (Step 3)

This is caused by the release of genomic DNA and is completely normal. It is essential to ensure
sufficient sonication of samples has been performed to effectively shear DNA and reduce viscosity,
before proceeding with subsequent steps. If samples appear ‘sticky’ upon pipetting, additional

sonication is required.
Sample volume exceeds the specified amount for desired protein yield (Step 6)
Lysis volumes should be kept to a minimum. However, if (after the BCA assay) it is not possible

to achieve the desired protein yield within the specificd volume (Step 6), the subsequent
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volumes—reductionfalkylation buffer (Step 7), 150 (Step 10), and EF enrichment buffer (Step 11)—
should be scaled proportionally. In the case that larger volumes are used, care should be taken during
dipestion to cnsure that mixing velocity is not so high that samples come in contact with the lid for

prodonged periods (Step ).

Samples leaking from lid of the 96-well plate (Step 8)

The silicone sealing mats recommended in this protocol are effective at sealing at high mixing
velocities (2,000 rpm.); however, minor leaks may occur if liquid enters the plate-mat interface
during sealing. If samples contact the underside of the lid, a brief centrifugation (500g, 1 min, RT)
beefore opening will prevent leaks upon subsequent scaling. It is also recommended to limit the mixing
velocity during overnight digestion to a speed that prevents the samples from touching the lid
(~-1.500 rp.m. with the volumes shown here). We also use and recommend ose of the ThermoTop lid
(Equipment) for extended incubation periods, such as overnight digestion, to prevent condensation
on the lid.

Cloudy peptide solution after addition of EP enrichment buffer (Step 11)

A slight cloudiness after addition of EP enrichment buffer (Step 11} should not interfere with
phosphopeptide enrichment. However, the formation of larger amounts of insoluble material at this
stage indicates the presence of lipids, which can ocour with high-lipid-content samples or when
working with large amounts of protein starting material. This can be resolved by centrifugation in the
deep-well plate (2,000¢, 15 min, K1) and carcful transfer of supernatants (without disrupting any
insoluble pellets) to a clean 96-well plate, before addition of Ti0, beads.

Uneven distribution of TiD. beads between samples (Step 13)

Tit); beads settle very quickly, and care must be taken to ensure that equal volumes of beads are
dispensed into each sample. Ensuring that the volume of EP loading buffer does not exceed
the recommended volume (1 pl of buffer per 1 mg of beads) will help mitigate bead settling
Vortexing the beads immediately before pipetting cach sample, or by placing the beads in a flat-
bottom glass vial with a small magnetic ‘flea’” on a magnetic stir plate, will ensure that the beads are
evenly mixed.

Samples do not concentrate in the vacuum concentrator (Step 21)

In the case that samples do not concentrate evenly or quickly in the vacuum concentrator (Steps 21
and 28), this may be the result of insufficient vacuum. This can ocour due to worn seals on vacuum
concentrator pumps or poor lid sealing, and should be rectified by instrument servicing. In a correctly
working Eppendorf Yacuum Concentrator Flus at Step 21, 10 pl of sample should remain after
30 min of concentration at 45 “C using the "V-ACY program. When using other instruments, iming
should be empirically determined once and used for subsequent cxperiments.

StageTips clog (Steps 18 and 24)

If a Stapelip flow is slow or stops entirely during Ti0); bead capture (Steps 17-19), lipid or other
insoluble material may have been present before enrichment. This should be avoided as described
under 'Cloudy peptide solution after addition of EP enrichment buffer”. If a StageTip flow is slow
during phosphopeptide desalting (Step 24), too much force may have been used to compress StageTip
material into the pipette tips when they were made. Slow-flowing StageTips can be used, but may
require higher centrifugation speeds for longer durations for solvents to transit.

Low phosphopeptide yield (Step 32)

If the yield of phosphorylation sites is lower than expected following data analysis, several parameters
in the workflow should be checked, including the digestion and phosphopeptide enrichment spec-
ficity (ratio of phosphopeptides to total peptides identified). Issues that can lead to poor recovery of
phosphopeptides include inefficient proteome digestion (Step 8), high sample contamination with
non-protein constituents during enrichment (Steps 11-13), use of old EP dution buffer (Steps 19
and 20}, and insufficient evaporation of EP elution buffer before loading onto SDB-RPS StageTips
(Step 21). If large numbers of nonphosphorylated peptides are observed (=30% of the total number of
peptides identified), inefficient washing of the beads may have occurred. This could potentially be
caused by the presence of particulate or nonpeptide material during enrichment, which can be

NATURE PROTOCOLS | WiOL 13 | SEFTEMEBER 20 | 1897190 | wawe.naturccom, nprod =n

50



High-throughput and high-sensitivity phosphoproteomics with the EasyPhos platform

PROTOCOL NATURE PROTOCOLS

a
Sample preparaion Daidy peocessing " Diaka anabysis
. . : B
H H j‘, : _F
) | » »i
T
n s ’ i 2 o
: ; b : 0 5
id H i id : =id
-2 : e o= ! = : 3
b = d [
u Phamphopopdes waed
:rﬁm  Flaquinied phoaphopspies (00 < 005, =4 S
g : et e
g - P Py | g ||Euu:|-.|.-;nh.-nm=4=-mu
-3 E Fa w Tl 1 s, T Fper concion
T P 4 ..."' o Clux | wisa, e ] por condibon 18
B o4
] EE 3 = 2
s i3 § "5
a3 -E; 2 % A
B . 2 g
4 o i
Z 5 8 2
x —_—— o
= O 10 3 30 40 SO &N TO 2 3 4 5 B
LC-ME sfaniion Sme {min) Eaninoical ephonc pairs
Dﬂﬁ-l-
=— ERKZ Y187
i - = 4 ERK2 TiES
AR R e MBS E0s
- .
*.
74
2 8-
MR 506 _?
=
S
3
&
¥
o4
=
2.
14
e

st Atorones og,)

Fig. 4 | Demonstration of the phosphoproteomics workflow. A< an example, we investigated the response of U-8¢ human glioblastoma cells to EGF
treatrment (100 nesml, 15 mind compared with control cells (serum-starved, 18 h). 5 independent biological replicates {n = &) were performed per
condition, using 200 wz of protein (determined by BCA assay). a, Experimental stages and timeng for the phosphoproteomics experiment, using the
EasyPhos protocs] described here, Approximate timing and steps associabed with the protecol desoribed here are indicated . b, Rate of phosphopeptide
quantification acrass a chromatographic time scale in a single LC-MS measurement. e, Actual guantified pairwise comparisons between biological
replicate pairs {control and BGF-treated samples) with respect to the number of samples measured. d, Mumber of quantified phosphopeptides,
phosphorylation sites (total), and localzed phosphorylation sites (class 1; localization probability = 0.75) as a function of N replicate pairs {control +
EGF treated) analyzed. The numbers of phosphonylation sites quantified in at least one, two, or three replicates of both control and EGF-treated
samples are also shown. e, Identification of significantly regulated (permutation-based FDR-controlled ¢ test; FDR < 0.05 and >15-fold change as
compared with control samples) phosphopeptides and phosphorylation sites (class 1; localization probability = 0.F5) as a function of the number of
biological replicate pairs (control and BGF-treated samples) analyzed, as compared with the number of phosphopeptides and phosphorylation sites
tested for regulation. fg. Hierarchical clustering (f) and volcano plot (g) of EGF-treated U-87 phosphoproteomes depicting key components of the
EGF-MAFE and EGF-FL3K-AKT networks, produced using the Perseus computational framework. FOR, false-discovery rate; MA, not applicable.
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Timing

rectificd by centrifugation of samples (16,000g, 15 min, KT) before enrichment (Step 11). Poorly
operating L or M5 systems because of leaks or contamination can also lead to low numbers of
identified phosphopeptides.

Anticipated results

Steps 1-6, lysate preparation: 1 h

Step 7, reduction and alkylation: 5 min

Step 8, cnzymatic digestion: 16-18 h

Steps 9-21, phosphopeptide enrichment: 3 h

Steps 22-29, Stage’lip desalting of phosphopeptides: 1 h
Steps 30-32, LO-MS/MS: 1 d

Step 33, data analysis: =1 d

Using the EasyPhos protocol, we previously showed that =10,000 phosphopeptides can be identified
and quantified using 1 mg of starting protein per sample'. Here we have described an updated
protocol that improves phosphoprotcome coverage, especially under conditions in which the
amounts of starting materials are limited. With this protocol, 200 pg of human U-87 glioblastoma
cells were either treated with EGF for 15 min or left untreated with six full biclogical replicates
(Fig. 4a), leading to high phosphopeptide identification and quantification rates (280 unigue
phosphopeptides per min) over a sustained period (Fig. 4b). Together, these data were measured in
=1 d and represent around half a million biologically meaningful pairwise comparisons (control
versus treatment) (Fig 4c). In total, this resulted in the quantification of 20,000 phosphopeptides,
comprising 16,021 accurately localized phosphorylation sites (Fig. 4d). When six biological replicates
were performed, 85% and 77% of the localized phosphorylation sites were quantified in at least two or
three replicates, respectively, for both conditions (control and EGF-treated). When four biological
replicates were performed, quantification in at least two or three replicates was 79% and 66%,
respectively, enabling the quantitative assessment of phosphorylation site regrulation across more than
two-thirds of the phosphoproteome (Fig. 4d). We advise that for cell-based label-free experiments
using the EasyPhos workflow, three biological replicates represent a minimum for identifying a large
proportion of regulated phosphorylation events, with four biological replicates serving as a typical
optimal balance between M5 measurement time and regulated phosphorylation site identification
(Fig. 4c). Downstream bioinformatics analysis is facilitated by the Perscus computational frame-
work™, enabling rapid visualization and interactive interrogation of phosphoproteomics data. For
example, using this software, we highlighted several major regulatory components of the EGF-MAPEK
and EGF-PI3E-AKT signaling pathways, superimposed on graphical representations of the under-
lying quantitative phosphoproteomics data (Fig, 4fg).

Taken together, the protocol described here enables the rapid identification and quantification of
well over 15,000 phosphopeptides in a single-run format, without requiring metabolic or chemical
labeling, and from minimal starting materials. Although these experiments were performed using a
data-dependent acquisition M35 approach, there is nothing in the EasyPhos protocol that is specific to
data-dependent or data-independent acquisition M5 methods. Indeed, we anticipate that the com-
hination of the wpdated high-sensitivity EasyPhos workflow with advances in instrument and
acquisition methods will result in even further improvements to data completeness, throughput,
reproducibility, and quantification accuracy.

Data availability

The raw M5 data from this study have been deposited into the ProteomeXchange Consortium via the
PRIDE partner rcpnﬁit::nr}'”'m with the identifier PXIN09227 and can be accessed at hitps:/fwww.chi.
ac.uky/pridefarchive/projects/PXDO09227.
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Human erythropoiesis is a finely controlled multistep developmental process that results in a
vastly remodeled proteome to form mature erythrocytes equipped with highly specialized
functions. Over the years, focused studies have provided crucial functional insights in
erythropoiesis; however, a system-wide understanding of how post-transcriptional and
translational mechanisms are driving terminal maturation is still lacking. It was crucial to obtain
high coverage proteome and phosphoproteome data to understand mechanisms underlying

regulation in human erythropoiesis.

In collaboration with the group of Mitchell J. Weiss at St. Jude Children’s Research Hospital and
the Schulman group at our Max-Planck Institute of Biochemistry, we established a pipeline
combining fluorescence activated cell sorting (FACS)-based cell enrichment procedures with our
state-of-the-art proteomics and phosphoproteomics workflows. Applying the EasyPhos protocol,
we dynamically monitored 7,400 proteins and 27,000 phosphorylation sites of five distinct
maturation stages of in vitro reconstituted erythropoiesis of CD34+ HSPCs. This resulted in a
system-wide view of the functional dynamic regulation of erythropoiesis through proteome
remodeling. Interestingly and unexpectedly, we found numerous orchestrated changes in solute
carriers which provided new state-specific markers. This is the first phosphoproteome study to
demonstrate direct evidence for intricate stage-specific regulation of this process by post-
translational modification. Proteomics, in conjunction with a kinome-targeting CRISPR-Cas9
screen, we defined the ‘erythropoietic kinome’ and revealed its critical regulations, including a
requirement for PIM1 kinase functions, in erythroid maturation. Tracking multiple signaling
cascades along maturation stages allowed us to dissect the sequential attenuation of c-Kit and
EPOR/JAK?2 signaling pinpointing downregulation of Ras/MAPK signaling, which promotes
terminal maturation. After initial suggestion by Brenda Schulman and Arno Alpi, | conceived this
study and organized this multi-group collaboration from initial stages to final publication in

Molecular Systems Biology.
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SUMMARY

Human erythropoiesis is an exquisitely controlled multistep developmental process and its dysregulation leads to
numerous human diseases. Transcriptome and epigencme studies provided insight into system-wide regulation,
but we cumently lack a global mechamstic view on the dynamics of protecme and post-translational regulation
coordinating erythroid mataration. We established a mass spectrometry (MS)-based proteomics to quantfy and
dynamically track 7400 proteins and 27 000 phosphorylation sites of five distinet maturation stages of in vifro
reconstituted erythropoiesis of CD34™ HSPCs. Our data reveals developmental regulation through drastic
proteome remodeling across stages of erythroid maturation encompassing most protein classes. This includes
vanous orchestrated changes in solute camers indicating adjustments to altered metabolic requirements. To define
the distinct proteome of each maturation stage we developed a computational deconvolution approach which
revealed stage-specific marker proteins. The dynamic phosphopreteomes combined with a kinome-targeted
CRISPR/Cas?® screen uncovered coordinated networks of erythropotetic kinases and pinpoints downregulation of
c-KitMAPK signaling axis as key dover of maturation. Our system-wide view establishes the fimctional dynanmic
of complex phosphosignaling netwerks and regulation through proteome remodeling in erythropoiesis.

EEYWORDS
Human erythropeiesis, protecmics, phosphoproteomics, signaling, EPOR, c-Eit, PIMI1, kinase, SLC, red blood
cells, hematopoletic stem and pregemitor cells, systems biology, CRISPER/Cas? screen
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INTRODUCTION

Human erythropoiesis is a multistep developmental
process that maintains stable erythroid homeostasis
throughout life and replenishes more than 200 billion
erythrocytes lost by senescence in healthy humans
[1]. Lmeage-committed erythroid progenitors,
meluding burst-forming unit-erythroid (BFU-E) and
their colony-forming unit-erythroid, (CFU-E)
progeny, undergo enormous expansion, followed by
morphological signs of terminal matoration. The
first recognizable erythroid precursors are
proerythroblasts (ProE), which mature progressively
mte early basophilic (EBasc) and late basoplulic
(LBaso) erythroblasts, polychromatic erythroblasts
(Poly). orthechromatic (Ortho) erythroblasts and
reficulocytes. Terminal erythroid maturation is
distinguished by progressive reductions 1In
proliferative capacity and cell size, chromatin
condensation, loss of most organelles mcludng the
miclens, and remarkable streamlimng of the
proteome with expression of specialized eytoskeletal
and plasma membrane proteins and finally massive
accumulation of hemoglobin [2-4]. This finely tuned
developmental  process  generates — mature
erythrocytes with the highly specialized fumction of
circulatory oxygen/carbon dioxide fransport.

Our knowledge of human erythropolesis has been
greatly advanced by in vifre differentiation systems
in which primary multipotent CD34* hematopoietic
stem cell progemitors (HSPCs) are cultured with
defined cytokines and other bicactive components to
generate reticulocytes [3].  Erythropoiesis  is
controlled by the essential cytokines stem cell factor
(SCF) and erythropoietin (EPO), and their cognate
receptors c-Kit and EPOE. [6-11]. In general_ e-Kit
acts to promote progenitor proliferation during early
erythropoiesis, while EPOR fosters survival and
maturation at later stages. although there is
substantial owverlap m ther activifies and some
evidence for cross-regulation [9, 12, 13]. Moreover,
c-Kit and EPOF. tngger remarkably similar signaling
pathways including EasFPafMAPK PI3K/ALt, and
JARDY/STATS [14-20]. In concert with cytokine

signaling,  several key  erythroid-restricted
transcniption factors (including GATA-1, FOG-1,
SCLTAL-1. EELFELFl) associate  with

generalized cofactors to activate the transcription of
erythroid-specific genes and suppress those of
alternate lineages [21-28].

While focused studies on erythrood cytokine
signaling and franscription factors have generated
tremendons fimctional insights into erythropoiesis,
they do not provide a systems-wide wview. A
comprehensive view of erythroid gene expression
has been provided by global analysis of erythroid
transcriptomes and the epigenome in punfied bulk
populations and single cells ([29] and reviewed in
[30]). These approaches necessarily use global
mENA levels as proxies of protein abundance and
mfer signaling activity indirectly. & tmuly system-
wide understanding of post transcriptional and
translational mechanisms that dnve and coordmate
terminal maturation 1s clearly still lacking. Such a
dynamic map would complement transcriptome
studies to broadly deseribe the melecular basis of the
pathways invelved and to understand how cytokine
receptor signaling and ranscription factors together
shape the erythroid proteome.

In confrast to franscnptome and epigenetic studies of
erythropolesis, relatively few proteome studies to
date provide a global analysis of the protein
landscape. Due to technical limitations, these studies
examined only selected maturation stages in limited
depth or focused on defined protemn famalies [31-39].
A recent analysis descnibed dynamic changes in
protein  expression dunng in vitre  erythroid
differentiation of CD34™ HSPCs [40]. However,
because relatively large numbers of cells were
required for proteomic characterization, this study
examined semusynchronous erythroid cultures
consisting of cells at different stages of maturation.
Given the recent dramatic advances In mass
spectrometry and label-free quantitative proteomics
[41, 42]. we reasoned that it may now be possible to
obtain accurate high coverage proteome and
phoshoproteome quantification from relatively low
mumbers of purified erythroid precursers at distinet
developmental stages.

We developed a pipeline combining fluorsscence
activated cell sorting (FACS) enrichment procedures
with our state-of-the-art proteomies workflow. We
uncovered the temporal staging of developmental
regulation through proteome remodeling. To
identify the distinct proteome defining each

matration stage from  proerythroblast to
orthochromatic  erythroblast, we dewveloped a
bicinformatic  deconvolution appreach which

revealed stage-specific proteins and protein families.
Importantly, our proteomics workflow enabled
detection of more than one thousand membrane
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proteins, and identified distinct combinations of
solute cammer (SLC) family proteins as stage-specific
maturation markers. Purswing post-ranslational
regulation further, in-depth sensitive quantitation of
the global phosphoproteome with our EasyPhos
platform [43, 44] provided direct evidence for
minicate developmental stage-specific regulation by
post-translational modification. To finctionally
explore the identified signaling modules, we
performed a kinome-targeting CEISPR/Cas? screen,
which in combination with our proteomic studies,
identified distinct signaling requirements for
erythroid maturation Focusing on  networks
amongst over 27000 phosphosites and kinase
functions uncovered the sequential attenuation of c-
Kit and EPOR/TAKY signaling, pinpointing
downregulation of FRasMAPK signaling i
promoting termunal maturation. Cur system-wide
data provide a wealth of molecular mformation
regarding the fimctional dynamics of complex
phosphosignaling  networks in  erythropoiesis,
expanding ow knowledge and data for cellular

prnciples of regulation through proteome
remodeling.

RESULTS

Establishing stage-specific proteomes of human
ervthropoiesis

To mvestigate the remodeling of the proteomics
landscape during human erythropoiesis, we cultured
human penpheral blood-denved CD34™ HSPCs
under conditions to support erythroid differentiation
(Methods). We obtained highly ennched
populations of erythroid precursors at specific
developmental stages by FACS using CD233a
(GYPA). CD49d (ITGA4). and Band 3 (SLC4Al)
markers (Figure 1A-B and Figure S14) [43]. We
1solated early maturation stages (progemtors, ProE,
EBaso, LBaso) after 7 days of culture, while later
maturation stages (LBaso, Poly and Ortho) were
purified at day 14. LBaso stage precursors were
1solated after both 7 days and 14 days of culture
using the same markers (Figure 1B) Note that SCF
was present at 7 days but not at 14 days. Punfied cell
populations were morphelogically homogeneous as
judged by May-Grimwald-Giemsa staining (Figure
S1B). Due to relafively low cell vields, ProE and
EBasc populations were combined m equal cell
numbers prior to subsequent analysis. The resulting
five populations/stages are henceforth color-ceded
as follows: progenitors (mostly CFU-E) [43-47],
yellow; ProE/EBaso, blue; LBaso day7, light pink;

1 Baso dayld, dark pink; Poly, dark blue, and Ortho,
orange (Figure 1A-B).

Each population was processed mn four biological
replicates and their tryptic peptides were analyzed in
single shots in Data Independent Acquisition (DIA)
mode (Methods, Figure 1A). To generate a project-
specific library, we separated peptides by high pH
reversed-phase chromatography into fractions,
followed by data-dependent acquisition (DDA) and
analysiz with Spectromaut. The resultant library
contamed more than 9,000 protein groups, 7.479 of
which could be matched into the DIA mumns of at least
one maturation stage (g-value less than 1% at protein
and precursor levels, Figure 1C). In the DIA
method, small mfz precursor windows are
fragmented in a cyclical manner, which tumed out to
be crucial for preserving the dynamic range of
peptide detection in the presence of the very large
hemoglobin peptide peaks that would otherwise
complicate analyses at later developmental stages.
Femarkably, 84% of all detected protems were
consistently guantified at varying lewvels across all
maturation stages and a relatively small percentage
was only matched im a single stage. Quanfitative
accuracy was high with Pearson comelations = .93
and CV's = 20% for 72% of all proteins between the
four biclogical replicates (Figure 1D and Figure
51C). MS signals spanned abundance ranges of five
(progenitors) to seven (Orthe) orders of magnitude.
Az expected, globin proteins increased by
approximately one thousand-fold from progenitor to
Orthe stage (Figure S1D).

As biological interpretation 15 facilitated by absolute
rather than relative concentration measurements, we
employed the ‘proteomic mler’ method, which uses
the fixed relationship between histones and DNA to
estimate proteome-wide copy numbers per cell [48].
Considening that chromatin condensation during
erythropolesis is assoclated with partial release of
major lustones from the muclens and subsequent
degradation in the cytoplasm [49], we first assessed
the overall histone content of cells In our system,
which  indeed declmed with progressive
differentiation (Figure S1E). Taking this into
account for the proteomuc muler calculations, we
measured an almost four-fold reduction i total
protein copy mumbers per cell during differentiation
with median copy mmbers dropping from 23,380 £
371 i progenitors to 12,395 £ 1342 at the IBaso
stage (Figure 1E, Figure 51E and Table 51). In
confrast, the average copy mumbers of proteins
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annotated as “erythrocyte maturation™ and “heme
biosynthesis™ by Gene Ontology (GO) increased by
appreximately 30-fold from progenitor to Ortho
stage (Figure 1E and Table 51). Quantitative
comparison and copy mumber estimation of LBaso
stages isolated at ether day7 or dayl4d confirmed
their close resemblance at the global proteome level,
mcluding marker protemns, such as GYPA, CD49d,
Band 3, c-Kit. and several hemoglobin subumits that
did not sigmificantly change (Figure 1E and Figure
S1A-C). Thus, they were combined for further
protecmic analysis unless otherwise noted.

Dvnamic and stage-specific proteome remodeling
in erythropoiesis

The five stages of human erythropoiesis clusterad
separately by prmncipal component analysis (PCA)
with very high concordance between replicates
(Figure 2A). Hierarchical clustening of 4316
protemns with statistically different expressions
(ANOVA, FDE=0.01), revealed drastic differences
m the stage-specific proteomes. Father than
straightforward increase or decrease in protein levels
across differentiation, proteins cluster into one of six
distinct profiles of temporal co-expression dynamics
(Figure 1B and Table 53). In addition to kmown
developmental themes i each cluster, GO enriched
terms point to novel state-specific regulation
(summarized in Figure 53). In pairwise comparisons
between successive stages, 2,157 protems (29%)
changed significantly at the first fransition (Figure
2C). The overall proteome was more stable from
ProE/EBase to Poly stages. with 8.5% proteins up-
or down-regulated. In contrast, almost 20% of the

proteome  significantly changed in  the last
mvestigated transition. reflecting the specialization
towards mature erythrocytes (Figure 2C).

To discover unique stage-specific marker proteins
we compared all stages against each other (Figure
54A). Interestingly, the Poly stage can be
distingmished by the centralspindlin = and
chromosomal passenger complexes (Benjamini-
Hochberg, FDE=0.01). These proteins regulate
cytokinesis in the late stages of cell division and also
likely participate in erythroblast enucleation. Indeed,
mutations in the kinesin KTF23B canse congenital
dyserythropoiefic anemia associated with erythroid
multinuclearity and impaired erythropoiesis [50].
This analysis, like the ANOVA results, revealed the
most drastic proteome changes ocowmnng at the
transition from progenitors to ProE/EBaso and from
Poly to Ortho (Figure S4B). The cumnlative
proteome remodeling from the progemtors was
reflected in a very large fraction of differentially
represented proteins at the later maturation stages,
Poly and Ortho (44%: and 37%, respectively, two
sample test, FDE=0.01 and 50=0.1} (Figure 2D).

Taken together, our stage-specific proteomic data
enable accurate, gquantitative and m-depth
momtoring of global protein expression during
bumsan erythropoiesis. The identified proteins are
potentially  important for the  functional
specialization of erythroid cells towards mature
erythrocytes and represent excellent starting points
for more detailed mechamistic studies.
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Figure 1. Establishing differentiation stage-specific proteomes of human ervthropoiesis

(A) Top panel depicts culture conditions for in vifre erythroid differentiation of CD34” cells. Shading indicates
the presence of SCF and EPO (vellow), or EPO alone (pink). Note that SCF was present at 7 days but not at 14
days. The lower panels indicat the workflow of our study, including FACS gating/sorting strategy of erythroid

precursors and smgle shot DIA analysis.

(B) FACS gating regime to enrich for ProE, EBaso, LBaso, Poly, and Ortho erythroblasts.

(C) Number of different proteins quantified in each differentiation stage.

(D} Correlation based clustering illustrating the reproducibility between biological replicates. High (1.0) and lower
(0.8} Pearson comrelations are denoted in pink and blue, respectively.

(E) Estmated copy numbers of total molecules (purple) and mean copy numbers of the protemns with GO
annotations “erythrocyte maturation™ and “heme biosynthesis™ (green) per cell across maturation stages.
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Dramatic remodeling of the transmembrane
proteome in ervithropoiesis

Our data captures distinct regulation of proteins that
contmbute to the highly specialized erythroblast
membrane at later developmental stages. Despite
identification of several transmembrane proteins as
markers of erythropoiesis over the years [31], there
15 still limited systems-wide information on them.
Our optimized lysis and digestion protocoel enabled
unbiased access to the membrane proteome and
provided a comprehensive view of membrane
protemns during differentiation.  Across  the
differentiation stages, we quantified 1,033 plasma
membrane protemns (~21% of the total genome-
encoded plasma membrane proteome in humans and
~14% m owr smdy), of which 692 changed
significantly (Table 51). Owr data idenfifies a
plethora of new examples that will aid in pinpointing
maturation stages and in better understanding of of
erythroid biology.

Of the significantly changing membrane proteins,
we could map 26% to pathways, with transport of
small molecules across plasma membranes among
the most represented (p 8.7 E-09). Further functional
classification showed markedly strong enrichment of
SLC  (solute cammer)-mediated transmembrane
transpert’ (Figure 3A). The roles of SLCs in biclogy
has arguably been understudied, but now there are
systematic efforts charactenizing their roles [32].
Wotably, since identification of “Band 37 as a sclute
carrier protein (SLC4A1) 35 years ago [33], it has
become clear that SLC protens nmst have
widespread roles in erythropoiesis. Femarkably, our
data quantified 101 5LCs, 68 of which significantly
change in at least one transition (Figure 3B), likely
reflecting  remarkabls changes in  metabolic
requirements along the stages of maturation. As
summarized m Table 52, 62 of these have known or
purported substrates associated with them.

Only 22 of the significantly regulated 5LCs have
previously been  linked to  erythrocytes,
erythropoiesis or anemia. For instance, Mitoferrin-1
{SLC25A37), with a continuons upregulation during
erythroid maturation, is a mitechondoal iron
importer essential for heme biosynthesis m
erythroblasts [54]. For some S5LCs, 1eles m
transporting nuirients imcluding glucose and amine
acids, and ions such as zinc, and necessary functions
a3 redox regulators in erythropolesis have already
heen described (Table 51). In addition, our dataset
also contains many transporters — including for

vitamuins, lipids, and whose substrates have not yet
been 1denfified — vastly extending the repertoire of
S5LCs and transported molecules associated with
erythropodesis.

Among the prominent cbservations emerging from
our data were the several differentially expressed
SLCs attmbuted to a common ligand We first
focused on hexose/glucose transporters. It has been
known that cellular metabolism mn mature red blood
cells is stmetly limited to glyeolysis, which makes
glucose uptake cnucal for erythrocyte development.
Glucose uptake during maturation appeared to
roughly track with EPOE expression, reaching a
maximal value when EPO response was highest,
perhaps because of regulation by EPO stimulation in
erythroid progemitor cells, as reported previcusly
(Rogers et al., 2010). In line with the growing need
for glucose during maturation, two out of four
identified SLCs transporting glucose (SLC2A1 and
SLC2A4) gradually increased from progemtors to
Orthe (Figure 3B-C, Table 52) and their concordant
prefiles have been described recently (Justus et al.,
2019). The other two glucose transporters (SLC2A3
and SLC45A3) are highly expressed specifically m
progenitors, and to owr knowledge have not been
associated with erythropoiesis; their regulation
would be interesting to investigate in the future.

A second remarkable example concerns 5LCs for
fransporting metal 1ons (14 1dentified in total) with a
full eight of them dedicated to zinc import and
export. Mamtamnence of intracellular zinc levels
controlled by GATA/heme circut has recently been
discovered as a wvital determinant of erythroid
maturation [33]. This indicates the adaptation of
differentiating cells to stage-specific metabolic
requirements and ther inferaction with the
environment. Apart flom the zinc importer
SLC30A1 and zinc exporter SLC30AS. previously
described m a “zimc switch™ model reflecting their
reciprocal expression during termuinal erythropoiesis
[53], we here uncovered additional three upregulated
exporters (SLC39 family) and three downregulated
mmporters  (SLC30 fanuly) during maturation
(Figure 3B-C, Table 52). Only one of these had
prior implications in erythrocyte homeostasis [36],
suggesting even more intricate and possibly
redundant regulation of zinc homeostasis.
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Computational extraction and characterization
of stage-specific protein markers

Given the distinct stage-specific expression patterns
of the SLCs, we wondered if they could even serve
as marker and selection proteins. The standard
approaches for  distingmishing  erythroid
developmental stages rely on canomical cell surface
markers, including the ones we employed for FACS
enrichments [31]. Our protecmics analysis revealed
that drastic proteome-wide changes of numerous
proteins occurred at transitions, n particular from
progenitors to ProE/EBaso and from Poly te Orthe,
implying the expression of numerous new stage-
specific protein markers that might be exploited for
refining the isclation and quantification of each
differentiation stage. Panels of proteins with
characteristic profiles could also be useful for in
silico  deconvolution of mixed developmental
populations.

As a starfing point, we investigated a fmown marker
set of 22 proteins as well as FACS sorfing markers
(Table 52). These proteins comelated well with their
expected  expression  profiles  alomg  the
differentiation process. We next constifuted a marker
set of 18 SLCs on the basis of the most consistent
quantification prefiles (Figure 3B). As a final set,
we selected 18 stage-specific proteins from our
proteomics data comprising the top three most
significant ones for each of the six clusters in Figure
2A (cluster Top3 set, smallest ANOVA g-values)
(Table 52). Among those, KLF13, which activates
the promoters of several erythroid genes in vitro, was
gradually upregulated umtl wvery late stages.
consistent with its reported role In  mouse
erythroblast matoration [37, 58].

With these four protein panels in hand (sorfing and
imown markers, cluster Top3, SLCs), we developed
an in silice decomvelution approach fo distingmish

different developmental stages. Boefly, we used
these marker panels to define signature matrices
which we applied in 500 random in silice mixtures
of aggregated abundances from a linear combination
of the five differentiation stages at predefined ratios.
We evaluated the results by companng the estimated
ratios to the predefined ratios of the in silice
mixtures (Figure 3D-E).

The sortimg and Jmown markers reasonably
estimated the fraction of the Ortho stage in the
mixtures, but performed worse for all other stages
(diagonal orange markers in  Figure 3D).
Remarkably, the cluster Top3 and SLC markers
better characterized the differentiation process than
previously kmown proteins and produced more
accurate estimations for beth Orthe and progenitor
fractions in the computational mixture populations
(diagonal orange and yellow markers m Figure 3D).
However, they were stll less effectve at
distinguishing stages from ProE to Poly, in line with
their smaller proteome differences m our data
(Figure 3D). A combined set of 62 proteins
outperformed all others, even n estimating
mtermediate, adjacent differemtiation stages as
Judged by a quantitative emror analysis and compared
te random confrols (Methods, Figure 3E). In
addition to recent adwvances in single cell
transcnptomics [29], our deconvelution approach
could further aid the identification of specific
populations amongst bulk pools obtamed dunng
erythropolesis, for example in the study of
differentiation dynamics from in vive samples. The
proteins selected in this analysis, especially the SLCs
add to our resource as they are interesting candidates
for mmvestigatmg stage-specific mechamsms m
follow up studies.
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Figure 3. Solute carriers in erythroid maturation and computational extraction of stage-specific protein
markers

(A} Plot shows the overrepresented Feactome pathways [39, 60] with their comected p-values (-logl0) and the
ratios of given entities from a particular pathway vs all entities from that pathway (n=1_882).

(B) Heat map of z-scored SLC protein abundances (log? DIA intensities) across differentiation. The proteins in
red were used to generate the input matrix for the SL.Cs marker setusedin D and E.

(C) Expression of four different glucose fransporters dunng erythrocyte development (log2 DIA intensities, left
panel). Countervelling expression regulation of zinc importers and exporters during erythrocyte development (log?
DIA mtensities, right panel).

(D} Computation sorting quality comparing pre-defined versus estimated ratios of cells in the five differentiation
stages.
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{E) Accuracy of cell type prediction based on different protein marker stets as measured by a weighted ermor metric
(y-axis, also see Methods). The blue violin plots illusirate the underlying dismbution reaching from mimimmm to
maximum. The black box plots depict the quartiles of the distribution with whiskers extending to the quartiles =
1.5 x interquartile range. The orange horizontal lines indicate the median and the orange dot highlights the mean

of the distmbution.

An  orchestrated network of ervthropoietic
kinases and their downstream target

Several kinases act in or have already been
implicated in a complex regulatory network in
erythropoiesis. To advance our understanding of the
dynamic  phospho-regulatory  network  during
erythropoiesis, we assessed temporal kinase
activities at a global scale across termunal
maturation. Mining of our proteome data revealed an
astormdmg 270 kinases and 90 phosphatases that
were differentially expressed with clear stage-
specific profiles during differentiation (Figure 44).
To mvestigate their activities, we tumed fo
phosphoproteomics which globally captures their
substrates (Figure 4B). We enmnched
phosphopeptides from the same differentiation
stages in  biological quadniplicates using the
EasyPhos platform (Figure 4B) [43, 44]. Ths
streamhined protocol enabled deep profilng of
phosphoproteomes at specific developmental stages
m single-run DDA measurements from only 80 pg
of protein lysates, capturing 27166 distinct
phosphosites on more than 4200 protemns (Figure
4B). Almost 20,000 sites were idenfified In more
than two replicates of at least one maturation stage
and 3604 were novel sites according to the
PhosphoSitePlus database [61] (Figure 4C and
Table S3). Given the prominent changes in the
plasma membrane protecme, it was interesting to see
that 401 of them had phosphosites, often mmltiple
ones within proximity in linear sequence stretches.
This encompassed 23 of the aforementioned SLCs,
sugesting stage-specific signaling roles [62]
addition to their dynamic expression across stages.
Specifically, our phoesphoprotecmics also identified
SerThr phosphorylation sites on Band 3, whose
tyrosine phosphorylation is known to enable docking
of cytoplasmic signaling molecules [63, 64].

For further statistical analysis, we used a stnngently
filteraed dataset of 12216 phosphopeptides
quantified in all four replicates of at least ome
differentiation stage. Stnikingly, about half of these
phosphosites significantly changed in at least one
developmental transiton (ANOVA, FDE=0.05) and

10

a quarter of all phosphosites (3.089) were
dephosphorylated from Poly to Orthe stage (Figure
4D and Table 53).

To compare the dynamics of the phosphoproteomes
to the proteomes. we wvisnalized fold change
distributions of gquantified proteins (grey) and
phosphopeptides  (pink)} for three pamrwise
comparisons: (i) progenitor vs ProE/EBaso, (i)
ProE/EBaso vs Poly, and (i) Poly vs Ortho (Figure
4E). The fold change dismbutions of
phosphopeptides were considerably more scattered
than those of proteins m all three comparisons,
reflecting dynamic, large scale phosphoregulation.
The largest fold change of regulated
phosphopeptides occurmred between early stages of
progenitor to ProE/EBaso and the later stages, Poly
te Ortho (Figure 4E). The lughly dynamic changes
mn global phospherylation landscape likely reflects
critical roles for distinct kinases at specific
mafuration stages.

Next, we inferred kinase activities from the
phosphoproteome by stage-dependent enrichment
analysis usimg PhosFate profiler (Figure 4F) [63].
This method predicts changes in kinase activity by
testing the enrichment of differentially regulated,
annotated  kinase-substrate motifs.  Substrates
peaking during the early stages of differentiation
(ProE/EBaso) were enmniched with motifs for kinases
of the MAPK signaling network (BERAF, MAPK],
MAPES, FYN, 5RC), which are kmown to promote
cell cycle and proliferation [13, 66, 67].
Interestingly, the observed substrate
phospherylations suggest that CDE and many other
cell cycle associated kimases (AURKB, BUBI,
CDE14, CDEls, CDE2, CDE3, CDE4, CDES,
CDES6, and DYERES) remain active unti]l very late
stages (Poly and Ortho). DNA damage checkpoint
kinases (ATM. ATE. and CHEEKZX)} were also
enniched, presumably to maintain genome stability
during erythroid differentiation. Together, our data
reveal a rich network of temporally activated kinases
during differentiation of human erythrocytes.
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Figure 4. An orchestrated network of ervthropoietic kinases and their downstreat targets
{A) Heat map of z-scored and differentially regulated kinase and phosphatase abundances (log? DIA intensities)

across differentiation.

(B} Experimental design of the phosphoproteomic study, performed on the same populations as collected for the
full proteome analyses (also see Figure 1A). Analytical workflow including phospho-enrichment, single shot DDA

acquisition and data analysis.

{C) Number of identified and quantified Class 1 sites (localization probability to a single anuno acid = 0.75) after
filtening for 50%: data completeness n at least one differentiation stage. Total number of phosphoproteins 1s also

showm.

(D) Significantly regulated phosphorylated sites in pairwise comparisens of ProE/EBaso vs Progenitor, Poly vs

ProE/EBasp, and Ortho vs Poly.
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(E) Distnbutions of phosphopeptides and therr matching proteins based on their log10 mtensities (¥ -axis) vs log?
test differences (X-axis) are illustrated for ProE/EBaso vs Progemtor (left). Poly vs ProE/EBaso (muddle), and
Ortho vs Poly (nght). Pink represents phosphopeptides whereas grey represents proteins.

(F) Stage-specific predicted active kinases based on targeted sites identified by PhosFate profiler
{hitp://phosfate com). Left boxes represent kinases whose substrates are preferentially detected at the earlier stage
of differentiation and night boxes represent those whose substrates are preferentially detected at the later stage.

CRISPR/Cas® screen reveals critical functions of
the eryvthropoietic kinome

The proteomics analysis established a “kinome
atlas” revealing dynmamic changes in  kinase
abundance and actvity at distimct stages of
erythropoiesis, with a dramatic decrease in the global
phosphoproteome during late maturation. To
mvestigate potential functional implications of these
changes, we performed a CRISPE/Cas?® screen in
HUDEP-2 cells, an immortalized human
erythroblast line that proliferates in an immature
state and can be induced to undergo ternunal
maturation by mamipulation of culture conditions
[68]. HUDEP-2 cells stably expressing Cas9
(HUDEP-2%) were transduced at low multiplicity
of infection with a lentiviral vector library encoding
3,051 single guide (3g) ENAs targeting the coding
regions of most known kinases (n=482) and a green
fluorescence protein (GFP) reporter gene [69, 70]
(Figure 5A). Two days later, GFP* cells were flow
cytometry-purified, and split into peols for further
expansion of induced maturation, followed by next
generation sequencing (NGS) to assess sgFINA
abundance (Figure 5A and 55A-D). Compared te
cells at two days post-transduction (“day0™), 30
sgPNAs were underrepresented after 10 days of
expansion (FDE=0.03), reflecting candidate kinase
genes that promote survival and/or proliferation of
immature erythroblasts (Figure 5B and Table 54).
These genes encoded cyclin-dependent kinases
(CDEL, CDE7, CDEY), cell signaling components
(KT, JAK2), DNA damage checkpoint response
protemns (4TR, CHEKI) and a regulator of 1on flux
(OX5E1), several of which exhubited maturation
stage-specific expression in our proteome analysis
{e.g. CDE], CDEY, ATR, KIT, and J4K7) (Figure
4F). The EIT and J4E? genes are essential signaling
molecules for erythropoiesis [71-73]. Previous
proteomic studies identified OXSE1 (OSE,
oxidative stress-responsive kinase 1) as one of the
most abundant Ser/Thr kinases m reticulocytes and
mature erythrocytes [34]. The OXSE1 protein
phosphorylates Wa™FE™ and K1~ membrane co-
transporters to activate and mhibit their activities,
respectively [74]. Our data suggest a role for O5XE1
mn the maintenance of erythroid precursors.

Transduced HUDEP-2 cells mduced to undergo
terminal maturation were cultured for 3 days,
fractionated according to their expression of the late-
stage erythroid marker Band 3. and analyzed by
NGS for sgPINA abundance. Single guide F2As for
five genes were significantly ovemepresented in
immature (Band37) cells, indicating that these genes
are positive effectors of maturation, while sgRNAs
for nine gemes were overrepresented in mature
(Band3™) cells, representing candidates that inhibit
maturation (Figure 5C and Table 55). There was
minimal everlap between genes that affect expansion
or matwration (Figure S5E). Notably, eight kinases
identified as regulating differentiaton i the
CERISPER./Cas9 screen are also identified amongst the
stage-specific  active kinases predicted by
phosphorylation of their cognate motifs (Figure 4F
and Figure 55F).

We noted that disruption of mumerous genes
simulating the Ras/MAPK signaling pathway
caused accelerated erythroid maturation (Figure
5C). Three of the comesponding proteins, FAFL,
BRAF1 and MAPEI1. are members of the canomnical
Ras™MAPK family, while LYN is known to engage
and potentiate BAF1 [73]. In non-erythroid cells,
PIMI kinase has been shown to phosphorylate ERK
and activate EasMAPK signaling [76]. To validate
these candidates, we transduced Cas9-expressing
HUDEP-2 cells with individual sgFINAs for each
gene and then induced erythroid maturation.
Consistent with results of the screen. knockout of
RAF], BRAF], MAPE3 LTN or PIMI resulted in
significantly  accelerated termunal —maturation
(Figure 5D-E and 55G-I). Together, these findngs
mdicate that dowmnregulation of the RasMAPE
pathway promotes terminal erythroid maturation.
Consistent with this hypothesis, the TGFRE? gene,
udentified as posiive regulator of maturation
(Figure 5C), 15 known to inhobit MAPE signaling

ey
).

Besults of the screen identified PIM1 as a candidate
gene that both drives erythroid precursor expansion
and inhibits maturation (Figures 5B-C and 55H).
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Consistent with the latter, PIM1 protein levels were
undetectable after the L Baso stage (Figure 53F). The
PIMI gene encodes a sernne-threonine kinase
oncoprotein that stimulates cell survival and cell
cycle progression by phosphorylating mumerous
substrates that have been identified in non-erythroid
cell types. To identify potential effactors of PIMI
signaling in erythroid cells, we searched owr
phosphoproteomucs data for previeusly-described
PIM1 substrates [61] and identified 25 significant
phosphosites (out of 100) that coincided with PIMI
expression (Figure 5G). We then generated a PIM1
phosphorylation site consensus motf using the
PhophoSitePlus database [61] (Figure 5H), and
mvestigated whether the motif is enriched in the
erythrond maturation stage-dependent
phosphoproteome. This identified 79
phosphorylation targets of which 34% have
maturation stage-dependent profiles correlating with
PIM1 protemn abundance (Figure 5I). GO-term
analysis revealed significant enrichment of terms
associated  with  “chromatin = remodeling”,
“transcriptional Tegulation”, “kinase/phosphatase
activity”, and “ublquitylation” (Figure 5I). Of
particular interest were Bas/MAPK family members
such as MAP3K1, MAP3ES and MAP3K2,
consistent with a regulatory role of PIMI1 m
EasMAPK signaling.

Svstem-wide dissection of c-Kit and EPOR
phosphoesignaling in ervihropoiesis

Phosphoprotein  analysis and a CEBEISPE-Cas0-
sgFNA screen defined a dynamic, developmental
stage-specific kinome during erythropoiesis and
mdicated that EasMAPK downregulation might be
crtical for erythroid maturation. We explored this
further by examiming owr proteomics dataset for
FasMAPK signaling components in relation to the
expression and activities of c-Kit and EPOE. The
kinetics of Ras™APK protein expression varied
across erythroid matration with MAPEL, MAPEK3
and RAF] persisting inte late maturation stages
(Figure 6A), suggesting that their activity may be
suppressed post-ranslationally. In  agreement,
activating T185/Y187 phosphorylations on ERE
mdicated maximal activity during ProE/EBaso and
termunation by the LBaso stage (Figure 6B) [78, 79].
The activating 563 phosphorylation on ATFL, a
distal target of FRas/MAPK signaling, peaked later (at
the L Baso stage) and persisted throughout erythroid
maturation (Figure 6B). The ESK kinase, which
phosphorylates ATF1, is activated by both MAPK
and PI3K/Akt-mTOE. signaling [20].

The erythroid cytokine receptors c-Kit and EPOR
have distinct roles in erythropoiesis, although their
signaling pathways overlap considerably (Figure
6C). Our erythroid culture system contained both
SCF (c-Kit Ligand) and EPO in the first and second
phase {day0-7) and EPO only in the third phase
(dayl12-14) (Figure 1A). The rationale for this
culture system is based on findings that persistently
elevated S5CF-c-Kit signaling inlubits ferminal
erythroid maturation [31-83]. The levels of c-Kit and
EPOE/TAK? proteins decreased during
differentiation but with differing kinetics (Figures
6D). c-Kit levels declined after the ProE stage.
sinilar to ERK activity. Tyrosine phosphorylation in
the c-Kit cytoplasmic domain, which reflects
receptor activity [84], was maximal m erythroid
progenitors and ProE/EBasc and decreased by the
I Baso stage, even with SCF present in the culture
media (Figure 6D). ERK2 phosphorylation declined
at the same stage, even with SCF present in the
culture medium (I Baso day7) and was undetectable
in LBaso dayl4 when 5CF was not present in the
medium. Thus, c-Eit protein levels and its
phosphorylation, aleng  with  downstream
PasMAPK signaling are downregulated relatively
early m erythroid maturation, consistent with the
literature (Figure 6E-F) [40, 83].

Compared to c-Kit, EPOR/JAE? levels were stable
until the Poly stage. We were not able to detect
phesphorylation of EPOR or JAKD, perhaps because
the levels of these proteins are relatively low.
Compared to ERK, STATS phosphorylation
declined more slowly and persisted until the later
stages of erythropolesis, similar to the kinetics of
EPOE. expression (Figure 6G). Thos, EEK
phosphorylation levels parallel the expression and
activation of c-Kit, while phospho-STATS levels
comelate with expression of EPOR, likely reflecting
preferential signaling activities of the two cytokine
receptor pathways. Together, our findings suggest
that RasMAPEK activity cccurs during early stages
of erythropoiesis, delays terminal maturation and 1s
c-Kit driven. This is consistent with the established
role for c-Kit in supporting proliferation and survival
of early erythroid progeniter cells and a requirement
for cKit downregulaton during normal
erythropolesis [8, 83, 86).

Phosphorylation is also regulated by phosphatases.
Of 51 phosphatases mmplicated in inlubiting the
Ras™APK pathway [37, 88], 16 were detected in
our data, § of which were induced during terminal
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maturation (Figure 6H). The majonty of these
phosphatases are novel candidate genes whose roles
mn erythropoiesis need further exploration.

DISCTUSSION

Here we show that in-depth gquantitative proteomic
and phosphoproteomic analysis of purified erythroid
precursors at distinet maturation stages 1s now made
possible by state-of-the art MS-based proteonucs
and cur EasyPhos technology, allowing us to assess
erythroid maturation at the level of the proteins, the
main fimctional cellular entifies. The breadth and
depth of coverage achieved by these techmologies
offers unbiased system wide insights ito the
regulation  of erythropoiesis, which we
complemented further by performing an unbiased
CRISPE/Cas® screen to interrogate the erythroid
kinome.

Our analyses of proteins mediating solute transport
and phospho-based signaling highlight two
examples by which the data can be mined for
hypothesis generating discovery and focused
problems related to erythrod biology. The key
emerging concept is that proteome-wide changes
accompanying differentiation from early erythroid
progemitors mto nearly mature erythrocytes mvolves
remarkable regulation of and by signaling pathways
— at the protein level.

Tracking the levels across particular families of
protemns defined numerous distinctive stage-specific
profiles, exemplified by coordinated expression of
specific cohorts of SLCs, kinases, and phosphatases.
For some of these SLCs, previous reports established
roles n tramsporting crucial molecules  for
erythropoiesis (Table $3). However, the much
larger repertomre of 5LCs of unknown biological
function likely reflects erythroid stage-specific
metabolic requirements to be elucidated m future
studies. Beyond this, both the substrate diversity of
SLCs and therr widespread phosphorylation
(average of three per S5LC) point toward exgquisite
fine-tuning and coordination of tramsporters with
stage-specific signaling pathways. So far, very few
examples of this mode of regulation have been
described, most prommently the tyTosine
phosphorylation of the SLC Band 3, which mediates
docking of cytoplasmic signaling molecules [63].
The  prevalence of  stage-specific  5LC
phosphorylation observed here may indicate system-
wide coordination of small melecule transport with
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cytoplasmic  signaling  throughout  erythroid
maturation and across many transporters. SLCs are
relevant to therapeutics of several human diseases
and to dmg discovery, either as dmug targets
themselves or as mediators of dmg uptake [52]. It
now seems likely that the varying expression of
5LCs with overlapping selectivities, as well as their
regulation by post-translational modification, will
also contribute te pathology and prowide
opporiunities for therapeutic development [89].
Importantly, owr data provide a framework for
systemwide studies of SLC small molecule flux and
signaling throughout the differentiation process. The
dynamics of S5LCs, together with more than 700
other quantified membrane proteins may
furthermore confribute to owr understanding of
changing cell membrane properties required for
erythropolesis.

The distinct cohorts of kinases and phosphatases
expressed coordinately and with varying kinetics
across the erythrocyte maturation pathway hikewise
reflect extensive protein-level regulation, in this case
through post-translational modification. With thus
notion in mind, we complemented the quantitative
stage-specific proteome measurements with a
kmome-targeting  CRISPER/Cas® screen  and
phosphoproteomics, which provides a profile of
system-wide signaling across erythroid maturation.
Pursuing PIM1, the highest sconng hit for erythroid
maturation of HUDEP-2 cells, we defined a
composite profile based on (1) stage-specific
expression, (1) phosphorylation kinefics of known
substrates, and (3) a PIM] consensus sequence by
comelation. Further analysis then provided a list of
candidate PIM1 substrates that kinetically parallel
PIM! activity and may coordinate PIM1 activity
with that of other diverse signaling effectors
mcluding  epigenetic regulators, regulators of
ubiguitin signaling, and more, whose fimctional
roles in erythropoiesis can now be studied.

We also took advantage of our data to pune the
stage-resolved phosphoproteomics of the SCF- and
EPO-riggered signaling network, based on ifs
crucial role i erythropoiesis, and opportumties
offered by our culturing and FACS-based protocel.
Combining phosphoproteomics and a fimetional
screen, our data highlights a general decrease m
kinase activity across the erythroid protecme during
terminal maturation and in particular a critical role
for downregulation of RasMAP kinases activity is
suggested. Previous studies have demonstrated
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defective terminal maturation in systems expressing
either constitutively active forms of c-Eit or Eas
protemns [B1, 85]. Our systems-wide amalysis of
erythropoiesis derived from primary healthy donor
human CD347 cells suggests c-Kit drives expansion
of early erythroid precursors and mhibits terminal
maturation via Ras’™MAPK signaling whereas EPOR
droves signaling predominantly via the JAK-STATS
pathway to foster later stages of termunal maturation.
These examples demonstrate the ability to gain
msight on regulation of complex signaling systems
dunng erythropoiesis using our phosphoprotecmics
dataset and provide a framework for firture studies to
mterrogate  stage-specific  erythroid  cytokine
signaling and regulatory pathways that dampen this
signaling.

Given the wmexpectedly large role of
phosphosignaling during erythropolesis defined by
our unbiased glebal, high resclution proteonuc
study, it will now be interesting to investigate other
post translational protein modifications, which could
employ different enrichment steps but smmlar
strategies for bioformatic and fimctional follow up.
In this regard, we already observed distinct
regulation of more than a bundred members of the
ubiguitin machinery, making this post-translational
modification particularly exciting for further
explorations.
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Figure 5 Kinome-targeting CRISPE/Cas0 screen in HUDEP-I cells

(A) Workflow of a CRISPE/Cas? screen with an sgFNA library targeting 422 human kinase genes to identify
those that alter erythroid precureser expansion or terminal maturation.

(B) Volcano plots showing FDE vs log2 fold-change in sgFENA abundance between Day 0 and Day 10 of
expansion. Results were analyzed using Mageck (Methods). Each dot represents a single kinase gene based on the
enrichment of four sgBNAs. Significantly different genes (FDE=0.05; log:fold-change=-1) are shown in red.
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{C) Voleano plots showing FDE. vs log? fold-change in sgPNA abundance between Band3 high and low fractions
after three days of maturation. Results were analyzed using Mageck (Methods). Each dot represents a single kinase
gene based on the enrichment of four sgFNAs. The sigmficant positive or negative regulators for maturation (FDE
=10.05; log: fold-change=-0.5 and log: fold-change=0.5) are shown in purple and green, respectively.

(D} HUDEP-2 cells expressing Cas? were were transduced with lenfiviral vectors encoding single sgENAs
targeting the indicated genes. induced to undergo terminal maturation and analyzed after 3 days. Graph shows
fraction of Band3* cells. Error bars represent mean + SEM of 3 biological replicates. *P = (.03, **P < 0.01, ***P
= 0.005; ns., not significant; unpaired t-test.

(E) Effects of two different PIM1 -targetign sgENAson erythroid maturation of HUDEP-2 cells, performed as
descnibed for panel D. Error bars represent mean = SEM of 3 techmical replicates. *#*P = (L0035, *¥*¥*P = (. 0001;
unpaired t-test.

(F) Protemn abundances (log2) of PIM1 dunng terminal differentiation of primary erythroblasts. Yellow
highlighting indicates that SCT and EPO were present in the culture medivm_ while pink mdicates EPO only.

(&) Heat map showing z-scored (log2) phosphopeptide intensities detected m known PIM1 substrates.

{H) Consensus PIM1 kinase motif from PhosphoSitePlus database [61].

(I} Heat map of z-scored (log2) phosphopeptide intensities of potential PIM1 kinase targets idenfified by motif
analysis.

(I} Gene Omtology (GO) enrichment analysis of potential PIM1 kinase targets, performed using Fischer’s exact
test. 3% threshold was applied to Benjamini-Hochberg FDE. to deternuine the significance.
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Figure 6. System-wide dissection of c-Kit and EPOR phosphosiznaling

{A) Protein abundances (log2 DIA intensities) normalized to progenitor stage. In all panels, stages shaded yellow
were cultured with SCF and EPO, while those shaded pink were cultured with EPO only. Data 15 plotted if
quantified m at least 50% of biclogical replicates. Eror bars represent mean = SEM of at least two biclogical
replicates.

(B) Profiles of phosphorylations (log? DDA intensities) normalized to progenitor stage.

{C) Major signaling pathways downstream of e-Kit and EPOR. activation by their corresponding ligands stem cell
factor (5CE) and erythropoietin (EPQO). Shaded genes indicate those indentified to inhobit erythroid maturation in
the CRISPR/Cas? screen described i Figure 5.

(D} Protein abundances (log2 DIA intensities) of c-Kit, EPOE., and JAE? normalized to progenitor stage.

(E) Following activation by SCF, phosphorylated tyrosine residues on c-Eit receptor serve as binding sites to key
signal transduction molecules (SEC, GRB2, and PI3K) resulting in activation of downstream signaling pathways.
(F)} Heat map of z-scored (log2) phosphopeptide intensifies of ¢-Kit receptor.

{G) Profiles of STAT3A/B phosphorylations (log? DDA intensities) normalized to progenitor stage.

(H) Heat map of z-scored protem abundances (log2? DIA intensities) of phosphatases.
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METHODS

CD34" cell culture and manipulation

Human CD34+ cells were obtained under human
subject research protocels that were approved by
local ethical committess: 5t Jude Children’s
Fesearch Hospital protocel “Bone marrow for
hemoglobinopathy  research™  (NCTO0668303).
CD34+ hematopoietic stem and progenitor cells
(HSPCs) were mobilized from normal subjects by
granulocyte colony-stmulating factor, collected by
apheresis, and enniched by immunomagnetic bead
selection wsing an  autoMACS Pro Separator
(Miltenyi Biotec), according to the manmfacturer’s
protocol. At least 93% punty was achieved, as
assessed by flow cytometry using a PE-conjugated
anti-human CD34 antibody (Milteny: Biotec, clone
AC136, #130-081-002). A 3-phase culture protocol
was used to promote erythroid differenfiation and
maturation. In phase 1 {days0—7), cells were eultured
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at a density of 10°-10° cells/'ml. in TMDM with 2%
human AB plasma, 3% bhuman AB semm, 1%
pemicillin/streptomycin, 3 IU/ml hepann, 10 pg/ml
msulin, 200 pg/ml holo-transfermm. 1 IU EPQ. 10
ng'ml 5CF, and 1 ng/ml IL-3. In phase 2 (days8—
12), IL-3 was omitted from the medium. In phase 3
(days12-18), cells were cultured at a density of
108/ml, with both IT.-3 and SCF being omitted from
the medium and the holo-transferrin concentration
mecreased to 1 mg/ml. Erythroid differentiation and
matiration were monitored by flow cytometry, using
FITC-conjugated anti-CD235a (BD Biosciences,
clone GA-F2, #361017), APC-conjugated anti-
Band3 (gift from Xiuli An Lab in New York Blood
Center), and VieBlue-comjugated ant-CD49d
(Miltenyi, clone MZ18-24A9 #130-099-680).

CRISPR/Cas? screen with Hnase-domain library
The kinase domain-focused sgBRNA library was
designed based on the human kinaze gene list from a
previous study [90]. The kinase enzymatic domain
mformation was retmeved from NCBI database
conserved domain annotation. Six  independent
sgBNAs were designed for targeting each individual
domain regions. All the sgENAs were designed
using the same design prnciple reported previously
and the sgENAs with the prediction of high off-
target effect were excluded [91]. Domain targeting
and positive/negative comfrol sgRNAs  were
synthesized in duplicate or triplicate in a peoled
format on an array platform (Twist Bioscience) and
then PCE. cloned into the BsmB1-digested LE.G2.1
vector (Addgene: #108098) using Gibson Assembly
kit (NEB). Approzumately 12 » 106 HUDEP-2 cells
stably expressing Cas9 were wansduced at a
multiplicity of infection (MOTI) of ~0.3 to minimize
the transduction of any cell with more than 1 vector
particle and achieve an approximately 1000-fold
library coverage (100ul Vimus per 2 M cells) such
that 40% cell were GEP posittve. Two days after
mfection, GFP™ cells were sorted by FACS and then
maintained in the expansion medium for § days (total
£ days post-infection). Then, half of total cells were
kept mn expansion culture for additional 10 days and
the other half were transitioned to differentiation
media and induced maturation for 3 days. Erythroid
maturation was momtored by flow eytometry, using
FITC-conjugated anti-CD233a (BD Biosciences,
clone GA-R2), APC-conjugated anti-Band3 (gift
from ¥iuli An Lab in New York Blood Center), and
Viclet Blue—conugated anti-CD4%d (Milteny,
clone MZ718-24A9) Band3™ and Band3™ cell
populations from the CD233a™ cell fraction was
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purified by flucrescence-activated cell sorting
(FACS). Library preparation and deep sequencing
were performed as previously descobed 4647
Briefly, genomic DNA was extracted using the
DNeasy Bleod and Tissue kit (Qiagen). Feactions
were done with 24 cycles of amplification with 200
ng of gDNA In 25 pL CloneAmp enzyme system and
8§ parallel reactions were performed to maintan
sgPMNA library representation. PCE. reactions were
then pooled for each sample and column pfnfied
with QIAGEN PCE punfication kit. PCE. products
were analyzed on an agarose gel, and the DA band
of expected size was excised and purified. Miseq
250-bp pamred-end sequencing (Mllumina) was
performed. For data analysis, Fast(Q) files obtained
after MiSeq sequencing were demultiplexed using
the MiSeq Peporter software (Illumina). Paired
reads were frimmed and filtered using the CLC
Genomics Workbench (Qiagen) and matched against
sgRINA sequences within the library. Fead counts for
each sgPMNA were normalized against total read
counts acress all samples. Mageck method were used
for differential amalysis for sgENA and Gene
ranking [92, 93]. A P = 0.05 was considerad to be
statistically siznificant.

HUDEP-ZI cell culture and induced maturation
Mycoplasma-free HUDEP-2 cells were cultured as
described [68]. Immature cells were expanded in the
StemSpan semum-free medivm (SFEM; Stem Cell
Technologies) supplemented with 1 pM
dexamethasone, 1 pgml doxycycline, 50 ng/ml
human stem cell factor (SCF), 3 umtsml
erythropoietim (EPO). and 1%  penicilln-
streptomycin. To induce erythroid maturation,
HUDEP-2 cells were cultured in a differenfiation
medim  composed of IMDM base medim
{Imvitrogen) supplemented with 2% FBS, 3% human
semum albumin, 3 wnits'ml EPO, 10 pg/ml. msulin,
1000 pgml holo-transferrm, and 3 umitsml
heparin. Erythroid differentiation and maturation
were monitored by flow cytometry, using FITC-
comjugated ant-CD233a (BD Biosciences, clome
GA-F2,#3561017). APC-conjugated anti-Band3 (gift
from Xiuli AnTab in New York Blood Center), and
VicBlue-comjugated ant-CD49d (Miltenvi, clome
MZ18-24A0 #130-099-680).

CRISPR/Cas9-mediated genome
HUDEP-2 cells

The sgRNA sequences were selected from the
CRISPR. library. generated as oligomucleotides.
After annealing, construct was cloned into the Bbsl

editing of
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or BsmBI site of the pXPE. 003 vector. Lentivirus
supernatant were prepared from 293T cells. For cell
pool genmome ediing, HUDEP-2 cells stably
expressing Cas9 were transduced with lentiviral
vector (pXPR. 003) encoding individual sgRMNAs.
Cells were incubated for 7-10 days with 10 pg/mL
blasticidin and 1 pg'ml puremycin to select for
transduction with sgRNA and Cas® wvectors,
respectively. On-target insertion/deletion mmtations
were charactenzed by PCE. followed by next-
generafion sequencing or TIDE-seq analysis from
Sanger sequencing datasets.

Cell lysates and immunoblot analysis

Cells were suspended in Therme Scientific Pierce [P
Lysis Buffer (ThermoFisher #87727) supplemented
with 1 mM phenylmethylsulfonyl fluoride, and
1:300 protease mhibitor cocktail (Sigma—Aldnch).
Proteins were reselved on polyacrylamide gels
(BioRad), transferred to a PVDF membrane, and
meubated i blocking buffer (3% milk in TBST).
Antibody staining was visualized using the Odyssey
CLx Imaging System.

(Phospho)proteome sample preparation for MS
amalysis

All M5 experiments were performed in biological
quadruplicates. Cell pellets were lysed in SDC buffer
(4% Sodmm deoxycholate in 100 mM Tns pH 8.5)
and heated for 5 mun at 95°C. Lysates were cooled
on ice and somicated. Profein concenfration was
determined by Tryptophan assay [94]. We reduced
disulphide bonds and carbamidomethylate cysteme
residues by adding TCEP and 2-Chloroacetamide to
the final wvolumes of 10 mM and 40 mbi.
respectively, for 5 min at 45°C. Proteins were
subsequently digested by the addition of 1:100 LysC
and Trypsin overmght at 37°C with agitation (1,500
rpm). Next day. 20 pg of protein matenal was
aliquoted and processed using an m-StageTip (15T)
protocol [94]. Approximately 500 ng peptide was
used for single shot DIA analysis. while the rest
{(~10mg) of clean peptides were fractionated using
the high-pH reversed-phase “Spider frachionator’
mto & frachons fo generate deep proteomes to buld
spectral library [25]. 80 pg of peptideswere used for
phophospeptide ennchment using the EasyPhos
workflow as descmibed previously [43, 44] After
mixing peptides with Isopropancl and EP
ennchment buffer (48% TFA, 8 mM EH-POs). they
were enriched with 5mg of Ti0: beads which were
prepared at a concentration of 1 mg/ul m loading
buffer (6% TEA/B0% ACN (volvol)) and incubated
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at 40°C wath shaking (2,000 rpm) for 5 mun.
Afterwards, the phosphopeptide contaiming Ti(:
beads were further washed with 4ml wash buffer
(3% TFA/G0% ISO (volvel)). and treated with
elution buffer (40% ACN, 15% NH,OH). Eluted
phosphopeptides were concentrated in a SpeedVac
for 20mun at 45 °C and using StageTips loaded with
SDB-FPS discs. 6 pl M5 loading buffer (0.2%
TFA?% ACN (volwol)) was added to the dired
samples prior to LC-MS/MMS analysis.

Liguid chromatography-MS$ analysis

Nanoflow LC-MS/MS measurements were camied
out on an EASY-nl.C 1200 system (ThermoFisher
Scientific) combined with the latest generation linear
quadrupole Orbitrap mstrument () Exactive HF-X)
coupled to a nano-electrospray ion source (Thermo
Fisher Scientific). We always used a 50 cm HPLC
column (75 pm inner diameter, m-house packed into
the tip with Repro5il-Pur C12-A0 1.9 um resin (Dr.
Maisch GmbH)). Column temperature was kept at
60°C by a Peltuer element contaming in-house
developed oven

500 ng peptides were smalyzed with a 100 min
gradient. Peptides were loaded in buffer A (0.1%
formic acid (FA) (vv)) and eluted with a linear 80
min gradient of 5-30% of buffer B (80% acetonitnile
{ACN) plus 0.1% FA (v~)), followed by a 4 mun
merease to 0% of buffer B and a 4 min increase to
95% of buffer B, and a 4 min wash of 95% buffer B
at a flow rate of 300 nl'min Buffer B concentration
was decreased to 4% in 4 nun and stayed at 4% for
4 min.

For the analysis of the frachons, the instrument was
operated in the DDA moede (Topl2). The resolution
of the Orbifrap analyzer was set to 60,000 and
15,000 for M51 and M52, with a maximum injection
time of 20 ms and 60 ms, respectively. The mass
range monifored m MS1 was set to 300-1.650 m'z.
The sutematic gain contrel (AGC) target was set to
jeb and le5 in MS1 and MS32, respectively. The
fragmentation was accomplished by higher energy
collision dissociation at a normalized collision
energy settimg of 27%. Dynamic exclusion was 20
sec.

For single shot samples, the instrument was operated
in the DIA mede. Every M51 sean (350 to 1630 m'z,
120,000 resolution at m/z 200, AGC target of 3e6
and 60 ms injection time) was followed by 33 M52
windows ranged from 300.5 m/z (lower boundary of

21

first window) to 16495 m/'z (upper boundary of 331d
window). This resulted in a cycle time of 3.4 5. M52
seffings were an lon farget value of 3 x 106 charges
for the precursor window with an Xcalibur-
automated maximim injection time and a resolution
of 30,000 at m'z 200. The fragmentation was
accomplished by ligher energy collision
dissociation with stepped collision energies of 25.3,
27 and 30%. The spectra were recorded m profile
mode. The default charge state for the M52 was set
to 3. Data were acquired with Xcalibur 4.0.27.10 and
Tume Plus version 2.1 (Thermo Fisher).

Phosphopeptides were analyzed with a 100 mun
gradient. Peptides were loaded in buffer A (0.1%
formuc acid (FA) (vv)) and eluted with a linear 60
min gradient of 3-19 of buffer B (20% acetonitrile
(ACN) plus 0.1% FA {v/v)), followed by a 30 mun
mcrease to 41% of buffer B and a 5 min increase to
90%% of buffer B. and a 5 min wash of 90% buffer B
at a flow rate of 330 nl'mun. The mstrument was
operated in the DDA mode (Topl0). The resolution
of the Orbitrap amalyzer was set to 60,000 and
15,000 for M51 and M52, with a maximum injection
time of 120 ms and 30 ms, respectively. The mass
range momtored in MS1 was set to 300-1,600 m/z.
The auntomatic gain control (AGC) target was set to
3eb and le5 m MS1 and M52, respectively. The
fragmentation was accomplished by higher energy
collision dissociafion at a normalized collision
energy setting of 27%. Dynamic exclusion was 30
sec.

MS5 data analysis

The fractions (DDA) and the single shot samples
(DIA) were used to generate a DDA-library and
direct-DIA-library, respectively, which were
combined mfo a hybnd lbrary in Spectromine
version 1.0.21621.8.15296 (Biognosys AG). The
hybnd spectral library was subsequently used to
search the M5 data of the single shot samples in
Spectronaut version 12.0.20491 9 26669 (Biognosys
AG) for final protein idenfification and
quantification. All searches were performed against
the Human UmiProt FASTA database (2017
Carbamidomethylation was set as fixed modification
and acetylation of the protem N-terminus and
oxidation of methionine as vanable modifications.
TrypsinP proteclytic cleavage mle was used with a
maximum of two miscleavages permitted and a
peptide length of 7-52 amine acids. When generating
the spectral library generation, munimum and
maximum of number of fragments per peptide were
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set to 3 and 6, respectively. A protein and precursor
FDE of 1% were used for filtening and subsequent
reporting in samples (g-value mode).

For the phosphoproteome, raw M5 data were
processed using MaxQuant version 1.6.2.10 [96, 97]
with an FDE. = (.01 at the peptide and protemn level
against the Human UmiProt FASTA database (2017).
Enzyme specificity was set to trypsin, and the search
meluded cysteine carbamidomethylation as a fized
modification and N-acetylation of protein and
oxidation of methicnine and phosphorylation (3YT)
as vanable medifications. Up to two mussed
cleavages were allowed for protease digestion, and
peptides had to be fully tryptic.

Bioinformatics data analysis

We mainly performed data analysis in the Perseus
{version 1.6.0.9) [98], Microsoft Excel and data
visualized using GraphPad Posm (GraphPad
Software) or BStudio (hitps:www rstudio.com).
Apart from coefficient of vanation, log2-
transformed protein intensities were used for further
analysis. Coefficients of variations were calculated
for raw protein intensiies between replicates
mdividually. Phosphopeptides that were identified m
the decoy reverse database were not considered for
data amalysis. Both data sets were filtered to make
sure that idenfified proteins and phosphopeptides
showed expression in all biolegical triplicates of at
least one differentiation stage and the missing values
were subsequently replaced by random numbers that
were drawn from a normal distmbution (width=0.3
and down shift=1.8). PCA analysis of differentiation
stages and biclogical replicates was performed as
previously descmibed in [99]. Multi-sample test
(ANOVA) for determuning if any of the means of
differentiation stages were sigmificantly different
from each other was applied to protein data set. For
tmmecation, we used permutation-based FDE. which
was set to 0.03 m conjunction with an 50-parameter
of 0.1. For lierarchical clustering of sigmficant
proteins, median protein abundances of biological
replicates were z-scored and clustered using
Euclidean as a distance measure for row clustermg.
Gene ontology (GO) ennchments m the clusters
were calculated by Fischer's exact test using
Benjamini-Hochberg  false  discovery rate for
tmmeation, setting a value of 0.02 as threshold. Mean
log? ratios of hiological triplicates and the
comresponding  p-values were wvisualized with
volcano plots. We chose a significance cut-off based
on a FDE=0.03 or 0.01 in voleano plots.

Copy number calculation

Intensiies were converted fo copy number
estimaftions using the proteomic mler [48]. The
proteomic ruler plug-in v.0.1.6 was downloaded
from the Perseus plugin store, for use with Perseus
version 1.5.5.0. Protein intensities were filtered for
100%: data completeness in at least one stage. Protein
groups were amnotated with amimo acid sequence
and tryptic peptide mformation for the leading
protein ID, using the FASTA file used for
processing data. Copy numbers were estimated nsing
the following settings; averaging mode - “All
columns separately’, molecular masses - “average
molecular mass’, scaling mode — “Histone proteomic
ruler’, ploidy 2, total cellular protein concentration
=200 gl°.

In silice deconvolution approach

All marker sets (except of ‘any2{(") were filtered for
an ANOVA g-value = 0.01. For the cluster markers,
the top three most sigmificant (smallest ANOVA g-
value) proteins for each cluster were selected. The
combined markers confain all proteins from the
sorting markers, known markers, cluster markers
and 5LC markers. The ‘any20’ markers were
selected by randomly picking 20 proteins from the
unfiltered protein list, excluding proteins included in
any of the other marker lists.

A signature matrix was generated for each of the six
marker sets. Only two out of the four cell type
replicates, replicate 2 and 4, were used for generating
the signature matricescontaining averaged, nom-
logged mtensity values of each marker protem. The
other two replicates (replicates 1 and 3) were
subsequently used for creating m silico mixture

populations.

The ratios for mixng the different cell types were
determuned by randomly picking 300 combinations
of 5 values (comresponding to the 5 cell types) that
add up to 1:

5

(1) ) ai=1
=1
The mixture intensity I, of each protein k was
then determined by summing up the intensity of
protein k in cell type i, I,k_ mmltiplied by the fraction
of cells from cell type a;:
5

k
(2) Imix = » I¥a

I=1
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Next. using the mixture intensifies I; of each
marker protein k (Eq. 2} as well as the signature
matnx, we et out to estimate the fractions of cells
contmbuted by each of the five cell types 3;. The
closer the estimations 4; are to the true mixing ratios
a;, the better the marker set is for deconvoluting and
differentiating the five cell types.

Wnting equation 2 in matnx form when several
proteins are evaluated at the same time, the model
expands fo the following:

(3) Qe =14

Here, imix 15 a vector of mixture infensities for each
evaluated marker protein k, I is the signature matrix
contaiming the mtensities of each evaluated marker
protemn k {rows) in each cell type i (columns), and i
15 the vector with the fractions of cells m each cell
type 1 that we aim to estimate.

To estimate 4, we can solve the linear equation
system (Eq. 3) by using a munimum least squares
optimization (python scipy.optimize minimize).
Boundary conditions set the munimum possible
values of @ to zero in order to avoid negative values.

After an initial estimation of 4. only the top o0®

percentile of marker proteins for which the estimates
fit best are kept for solving the linear eguation
system (Eq. 3) in a second iteration. The estimated
vector of fractions, 4, 15 finally normalized by the

Manhattan (L.1) norm.

To evaluate the results of the deconvolution step, we
implemented a weighted ermmor metric to estimate
how close the estimated ratios 4 are to the true ratios
a. Here, mistakes in assigning neighboring cell types
(g between P3 and P4) conmbute less to the
overall error than mistakes between far distant cell
types (e.z. Progenitors and P3). In addifion to
evaluating the six sets of protein markers. thres
conirols were generated: ‘random’ uses a randem
ratio estimation; “umiform’ assumes a umform ratio
estimation (a3, = 0.2); and ‘center’ assumes that all
cells are of type P3 (a3 = 1).

Data availability

All MS proteomies data have been deposited on
ProteomeXchange via the PRIDE database with the
dataset idemtifier PED017276. All other data
suppoerting findings of this study are available within
this article and in supplementary tables.
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Using MS-based proteomics, our group, together with Dario Alessi’s group from the University of
Dundee, discovered three Rab GTPases as the first true in vivo substrate of the Parkinson’s
disease (PD) kinase LRRK2. This study was published in eLife in 2016 [105]. To follow up on
our findings, we systematically analyzed which of the Rab protein family members are targeted
by LRRK2 by proteomics and other techniques. In a HEK293 cell overexpression system, we
showed the phosphorylation of the equivalent residues to Thr72 and Thr73 on Rab8A and Rab10,
respectively, in isoforms of Rab3 (3A, 3B, 3C & 3D), Rab5 (5A, 5B, 5C), Rab8B, Rab7L1 (both
on Thr72 and Ser72) as well as Rab35 and Rab43 by LRRK2. Our results establish that LRRK2

phosphorylates at least 14 Rab proteins.

Next, we aimed to investigate which of these 14 Rab proteins are phosphorylated by LRRK2
endogenously. To this end, we developed a high sensitivity MS method which uses isotope-
labeled (SIL) peptides equivalent to the endogenous Rab phosphopeptides of interest to guide
targeted quantification. We recorded both light and SIL counterpart phosphopeptides in a
multiplexed selected ion monitoring (mxSIM) scan mode on a quadrupole Orbitrap analyzer. This
method allowed very sensitive quantification of low abundant endogenous Rab phosphorylation
and showed that six out of 14 Rab proteins clearly were kinase substrates in an endogenous
context. These findings were well accepted in the community and have now been independently

verified by several groups.
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Systematic proteomic analysis of LRRK2-
mediated Rab GTPase phosphorylation

establishes a connection to ciliogenesis
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Raja 5 Nirujogi®, Ozge Karayel', Francesca Tonelli®, Terina N Martinez*,
Esben Lorentzen®, Suzanne R Pfeffer®, Dario R Alessi®*, Matthias Mann'*
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Abstract we previously reported that Parkinson's disease (PD) kinase LRRE2 phosphorylates a
subset of Rab GTPases on a conserved residue in their switch-1| domains (Steger et al., 20164)
(PMID: 26824392). Here, we systematically analyzed the Rab protein family and found 14 of them
(Rab3ASB/C/D, Rab5A/B/C, Rab8AE, Rab10, Rab12, Rab29, Rab3s and Rab43) to be spedfically
phosphorylated by LRERKZ, with evidence for endogenous phosphorylation for ten of them (Rab3as
B/C/D, RabBASE, Rab10, Rab12, Rab35 and Rab43). Affinity enrichment mass spectrometry
revealed that the primary ciliogenesis regulator, RILPL1 specifically interacts with the LREKZ-
phosphorylated forms of Rab8A and Rab10, whereas RILPLZ binds to phosphorylated Rab8A,
Rab10, and Rab12. Induction of primary cilia formation by serum starvation led to a two-fold
reduction in ciliogenesis in fibroblasts derived from pathogenic LRRK2-R1441G knock-in mice.
These results implicate LRREZ in primary ciliogenesis and suggest that Rab-mediated protein
transport and/or signaling defects at cilia may contribute to LRRE2-dependent pathologies.

DM hitpaf fdod.orgd 10,7554 eLife. 3101 2,001

Introduction

LRREZ encodes a large protein kinase and a number of LRRKZ mutations cause autosomal dominant
Parkinson‘s disease (PD) (Bardien et al., 2011; Funayama et al, 2005; Paisdin-Ruiz et al., 2004;
Zimprich et al., 2004). Furthermore, genome-wide assocation studies (GWAS) have pinpointed
LRRKZ2 as a nsk factor for idiopathic PD, indicating that it is a master regulator of the molecular path-
ways controlling both hereditary and sporadic forms of PD (Nalls et al, 2014). LREKZ is expressed
at low levels in brain neurons and at higher levels in lung, kidney, pancreas and immune cells, there-
fore multiple cell types in different tissues might act in concert during PD  pathogenesis
(Giesert et al., 2013; Thévenet et al, 2011). The most frequent LRRK2 mutations that segregate
with familial PD (R1441C, R1441G, YV1699C, G20195 and 12020T) all map to its catalytic domains,
namely the ROC-COR (GTPase activity] and kinase domains [Cookson, 2070). The kinase domain
mutations (G20195 and 12020T) increase kinase activity both in vitro and in vivo, and interestingly,
R1441C, R1441G and ¥Y1699C enhance this activity only in vive (Sheng et al, 2012; Steger et al.,
2018). This indicates that (i) the kinase and the GTPase domains communicate with each other and
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(i} LRRKZ-dependent pathogenicity is triggered by an increase in kinase activity, regardless of the
mutation position.

Multiple lines of evidence suggest that LERKZ regulates intracellular vesicular traffic and that
mutant LRRKZ-assodated trafficking defects contribute to PD pathogenesis (Cookson, 2018). First,
LRREZ translocates to membranes following Toll-ike receptor stimulation of immune cells
(Schapansky et al., 2014). Second, LRREZ is reported to regulate the autophagosome/lysosome sys-
tem, which is particularly interesting as defects in proteins coordinating this pathway are found in
multiple forms of PD (Beilina and Cookson, 2014; Giaime et al., 2017; Tang, 2017). Third, LRRK2
phosphorylates at least three Rab GTPases (Rab8A, Rab10 and Rab12) in cultured human and murine
cells as well as in mice, and this reduces their binding affinity for different Rab regulatory proteins
(Mo et al., 2016; Steger et al, 2016; Thirstrup et al., 2017).

Rab GTPases are master regulators of intracellular vesicle trafficking and about 70 family mem-
bers are expressed in humans (Wandinger-Ness and Zerial, 2014). In addition to the above-men-
tioned three Rabs that can be phosphorylated in a LRRK2-dependent manner, Rab2? (also known as
Rab7L1) and Rab39B have been implicated in PD. Missense mutations in Rab39B lead to imtellectual
disability and PD-like clinical features (Wilson et al, 2014). Rab2? localizes to the trans-Golgi net-
work (TGM) and Rab2? knockout mice mimic a phenotype of LERKZ knockouts — an age-assodated
lysosomal defect in the kidney (Baptista et al., 2013; International Parkinson’s Disease Genomics
Consortium et al.,, 2014; Kuwahara et al., 2018). Our previous work showed that LRRK2 phosphor-
ylates Rab8A, Rab10 and Rab12 at a conserved site in the switch |l domain (Rab8A-T72, Rab10-T73
and Rab12-51068), which is conserved in 50 Rabs (5teger et al., 2014). We also found that LRREZ
spedfically phosphorylates overexpressed Rab3A, but not RabiA, despite their high-sequence
homology adjacent to the site of phosphorylation. A prediction of whether or not a given Rab pro-
tein can be phosphorylated by LREKZ in cells is thus not possible, based solely on the primary amino
acid sequence. Although this work suggests that Rabs are involved in PD pathogenesis, the molecu-
lar mechanisms remain to be determined. Here, we systematically investigate whether Rabs other
than 84, 10 and 12 are LRRKZ targets. Subsequent modification-specific interaction expeniments led
us to establish an unsuspected effect of mutant LREKZ on aliogenesis via phosphorylated Rab
GTPases.

Results and discussion

14 overexpressed rab GTPases are phosphorylated by LRRK2

We set out to determine which of the 50 Rab proteins that contain a conserved, predicted LERKZ2
target site are indeed phosphorylated by LREKZ. For this purpose, we overexpressed each of the 50
Rabs in triplicate in HEKZ93 cells, sither alone or in combination with LRREKZ harboring the activating
G20195 mutation (Figure 1A and Figure 1—figure supplement 7). To determine phosphorylation
spadficity, we included a third condition in which both kinase and substrate were expressed in the
presence of the selective LERKZ inhibitor, HG-10-102-01 (Choi et al., 2012). Although Rab32 and
Rab38 do not contain the conserved phosphorylation site (Figure 1—figure supplement ZA), we
included them because they have previously been reported to  interact with LRRE2Z
(Waschbdsch et al., 2014).

Cxpression of all 52 constructs and inhibitor efficacy was demonstrated by immunoblotting (Fig-
ure 1—figure supplement 2B). To identify LERKZ2 target candidates, we enriched the individual epi-
tope-tagged Rab family members by immunoprecipitation before digestion, peptide purification
and high-resolution, label-free LC-M5/MS analysis (Figure 1A). To generate peptides containing the
phosphorylation site with an optimal length for M5 analysis, we selected the most appropriate prote-
ase among trypsin, chymotrypsin, Asp-MN and Glu-C [Supplementary file 7). This generated 468 LC-
MS5/MS files (52 Rabs under three conditions with triplicate analysis), which we stringently processad
using the MaxOuant software for peptide identification and guantification (Cox and Mann, 2008).
For each Rab, several phosphorylated peptides were generally detected, but only those containing
the predicted site showed significant, quantitative differences as a result of LRRKZ overexpression
and inhibition. In total, we quantified this site in 37 different Rab proteins. For 12 Rabs, the
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Figure 1. 14 Rab GTPases are phosphorgdated by LRREZ when overespressed HEKZ93s. [A] Workllow for sdentitying Rabs that are phosphonylated by
LRREZ in an overespression system. The indivedual Rab proteins were overespressed alone or expressed in combination sath active (G2 95)- or
chemically inhibited LRREZ (HG-10-102-01, 3 pM, 3 he, n = 3} The Rabs were then athinity-enniched, digested and analyzed by label-fres LOAS-MS.
Mass spectra databage search and data analysis were performed wsing MaxQuant and Persews, respectively. Substrates were soored when the

Figuee 1 continued on next page
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Figure 1 continued

predicted Rab phosphopeptide was detected, upregulated upon LRRK? expression and reduced aher inhibitor treatment. [B) Heat map of

Biochemistry

phosphopeptide mtensities (Log2) and (C) Tukey adpusted prvalues -Log10, multiplied by the sign of the fold chamge of the respective group
comparisan A& = Rab, B = Rab + LRRE2, C = Rab + LRREZ +HG-10-102-10]). Values missing in all replcates of one group were imputed and non-
imputed, missing values are in grey. [D) Scheme of the 14 Rab proteins that are phosphorylated by LRREZ. (E) Western blot confirming that both Rab29-

pT71 and RabZP-pS72 are phosphorylated by LRREZ-¥F1699C when overexpressed in HEE293 calls.
DM hittpes:#Fdoi_orgd 10,7554/ eLife 3101 2.002

The following figure supplements are svailable for figure 12

Figure supplement 1. Sequence alignment of 50 Rabs in which the predicted LRREZ phosphorylation gite s consended.

DOH: hittpes: o orgd 10.7554/elife 31012.003

Figure supplement 2. Sequence alignment of Rabi10, Rab38 and Fab3? and westem blot analyss of 52 overezpressed Rab GTPases.

o I T T

DM hittpes:#Fdoi_orgd 10,7554/ eLife 3101 2.004
Figure supplement 3. Both Rab2%-T71 and Rab29-572 are phosphorgdated by overespressed LRREFZ in HEKZ93 cells.

.r I T

DM hittpes:#Fdoi_orgd 10,7554/ eLife_31012.005

predicted phosphopeptide was not found. Monetheless, we were able to readily detect and quantify
the non-phosphondated counterpart, suggesting that the medified form should have been detected
if it had been present. Thus, we condude that in these cases, the site is either not phosphorylated at
all, or the phosphorylation stoichiometry is below the detection limit. The LC-MS/MS analysis of the
remaining Rabs - Rab&C, Rab?B and Rab41 — was inconclusive as we were not able to either identify
the phosphorylated- or the non-phosphorylated predicted LEREZ2  target peptides

(Supplementary file 1).

The proteclytic cleavage of some Rabs with very high-sequence homology (e.g. Rab3ASBCD)
creates peptides with identical primary amino add sequence, making them indistinguishable to M5
and M5/M5. However, as we individually overexpressed and immunoprecipitated Rabs with mono-
clonal antibodies directed against the epitope tag, it is very unlikely that several such proteins are
enriched at equal effidencies. Our analysis revealed 14 phosphopeptides that were regulated in a
LRRKZ2-dependent manner, in that their abundance was significantly increased upon kinase expres-
sion and decreased when cells were treated with HG-10-102-01 (Tukey's multiple comparisons test,
p=0.05) (Figure 18-D). This includes all the previously identified LRRKZ substrates: Kab8A, Rab10
and Rab12 (Steger et al., 2016), and adds Rab3A/B/C/D, Rab5A/B/C, RabBB, Rab2?, Rab35 and

Rab43.

Rab2? was recently shown to interact with LERKZ, both physically and genetically, and Rab2?
knockout in mice phenocopies LRRKZ2 knockouts, indicating that both proteins might act in the same
pathway (International Parkinson‘s Disease Genomics Consortium et al., 2014; Kuwahara et al.,
2016; Simon-5anchez et al, 2009). Interestingly, we identified a doubly-phosphorylated peptide
(pT¥1 and p572) that was regulated by LERKZ. To confirm this finding, we individually mutated both
residues to non-phosphorylatable alanine and expressed the constructs in HEK293 cells, along with
active or chemically inhibited LRRKZ. We guantified the levels of the peptides with either alanine
substitution by M5 and found that the regulation persisted in each case (Figure 1—figure supple-
ment 3). Finally, we raised two phospho-specific antibodies recognizing either Rab29-pT7#1 or
Rab27-p572, which further substantiated the evidence that both residues are modified by LRREZ in
this systemn (Figure 1E]. Interestingly, the 14 Rabs that are phosphorylated by LEREZ are widely dis-
persaed over the Rab phylogenetic tree and further analysis is required to understand the determi-
nants of phosphorylation. It is likely that they co-localize with LRREZ2 and this may account for the

phosphorylation specificity.

LRRK2 phosphorylates at least ten endogenous Rab GTPases in cells

Because pathogenic LRREZ mutations occurring in different functional domains increase the phos-
phorylation of Rab8A, Rab10 and Rabl12 in cells (o et al. 2016; Steger et al, 2076), we next
investigated if the 14 Rabs regulated in our screen were equally affected by mutations in LRREZ. For
this, we used the phos-tag assay, a method complementary to M5, in which phosphorylated Rabs
are resohved from their non-phosphorylated counterparts by SD5-PAGE (ite et al., 2018). As judged
by the increased Rab-specific band-shift intensity, all LRRK2 pathogenic mutations analyzed
(G20195, R1441G, Y1697C) led to increased phosphonylation of 13 Rab substrates (Figure 2A). For
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Figure 2. Ten endogenous Rabs are phosphorylated by LRREZ in cells, (&) Phos-tag SD5-PAGE of 14 Rabs co-expressed with different LRREZ vananis
(KD = kinase dead, wt = wild type, G5= G295, RG = R1441G, ¥iC- Y1899C) in HEE293 cells. Filled circles indicate unmodified Rabs and open circles,
phosphondated forms (ML-2 = 100 ab, 1 hr). (B) M5-guantifed Rab3A-pTBS, Rab3B-pT85, RabBA-RTI2, Rab10-pT7 3 and Rab12-p5108 pepticle
mntensities from mock and LREKZ2-Y1899C transfected cells. Open andes indicate imputed values. (C) Western blot analysis of HA-tagged Rabs co-

Figure 2 continued on next page
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Figure F continuead

expressed with LREEZ-Y1659C in HEKZ93 cells -F4+100 nM ML-2, 2 hr) wwing polyclonal ant-phospho-Rab8 and HA antibodies. [0) Same as [C) but Rabs
were immunoprecpitated vsing the anti-pRab8 antibody and HA antibody was used for detection. (E) Westemn blot of endogenous Rabs in wild type
amd LRREZ-R1441C MEFs /4100 nM ML-Z, 1 hr) using the indicated antibodies (left) and immunoprecpitation of Rabs wsing ant-pRab8 antibody
{right). (F} MS-quantified Rab phosphosite intensities of pRabd mmunoprecipitation in B14497C MEFs (£ 100 nM MLi-2, 2 hil. Error bars are mean £5EM
{n = 3. {G) 10 Rab proteins at endogenows expression levels are phosphordated by LRRKZ in cells (green). Bab5A s not [red) and Rab58, Rab5C and
Rab2® are posaibly phosphondated (grey).

DOH: hittpes: fdoiongd 10,7 554/ elife 3101 2.006

The following hgure supplements are available for figure 22

Figure supplement 1. Rab5A was mmunoprecipitated Trom mock or LREE2-Y16892C-translected HEE293 calls.

DM hittpe: /i doiong/10.7 554/ eLife 31001 2,007
Figure supplement 2. MNine Rab GTPases contaming a Thr site in their svatch-Il domain are phosphorylated by LRREZ.

.r I T

DM hittpe: /i doiong/10.7 554/ eLife 3101 2,008

Rab12, the assay resulted in multiple bands and no meaningful interpretation of the migration pat-
tern was possible; however, our previous work had already established this protein as a LRREKZ sub-
strate. In this context, we also investigated Rabé&C, Rab%B and Rab41 by the phos-tag method, for
which the M5 analysis was inconclusive, and found no evidence of LRRKZ-induced mobility shifts.

We next investigated which of these 14 Rab proteins are phosphorylated by LRREZ endoge-
nously. For this, we overexpressed the pathogenic LRREZ-Y169%C form in HEKZ93 cells, immunopre-
cipitated endogenous Rab proteins using commercially available- (Rab3aA, Rab3B, Rab5A, Rab8A,
REab10) or in-house raised antibodies (Rab12) and guantified LRRKZ2-mediated phosphorylation by
LC-MS/MS. As expected from our previous results, RabBA-pT/2, Rab10-pT7/3 and Rab12-p5106
phosphopeptide levels wera strongly upregulated (-16 fold) in cells expressing LREEZ-Y1499C
(Figure 28). Rab3A-pTB6 was also clearly regulated by LRRKZ in this system, but we were not able
to detect any phosphopeptides mapping to either Rab3B-pT86 or Rab5A-p584, despite the fact that
the corresponding unmedified peptides were seguenced multiple times and our initial overexpres-
sion screen had established detectability of these phosphopeptides. Therefore, to further increase
mass spectrometric sensitivity, we used stable isotope labeled (SIL) peptides equivalent to the
endogenous Rab peptides of interest to guide targeted quantification. In contrast to the absolute
guantification (AQUA) strategy (Gerber et al, 2003) that relies on fragment ions for guantification,
we recorded both light and heavy counterparts in a multiplexed selected ion monitoring (SIM) scan
mode on a quadrupole Orbitrap analyzer and used the heavy form to indicate the retention time
(heavy) and the light form for quantification. This combination of the spike-in SIL peptide together
with a very sensitive M5 method should allow guantification of very low abundant endogencus Rab
phosphorylation (Materials and methods). With this increased sensitivity, we found LERKZ-spedific
medification of Rab3B, but still failed to observe dear LRRE2-mediated phosphoryation of RabSA-
584 (Figure 2B and Figure 2—figure supplement 1). Thus, Rab5A phosphorylation by LRREZ in
HEEZ93 cells noours only when both the Bab and kinase are overexpressed exogenously. It is possi-
ble that accessory factors in other cell types are required for efficent LRRK2 phosphonylation of this
protein.

For the remaining Rab proteins for which no suitable antibodies for total-Rab protein enrchment
were available, we raised a rabbit polyclonal Rab antibody against the LRREZ-phosphorylated Rabg
switch-Il motif. This efficiently recognized and immunoprecipitated LRRKZ phosphornylated Rabs con-
taining a Thr site: namely, Rab3, Rab8, Rab10, Rab35 and Rabd43 (Figure 2C.D). As an exception,
the antibody failed to recognize pRab29 or to immunoprecipitate LERKZ2-phosphorylated Rab2? pro-
tein. This could be either due to the particular linear sequence surrounding T71 (-1 position com-
pared to the eqguivalent site on other Kabs) or due to double phosphondation (T71 and 572) by
LRRKZ. Mext, we treated wild type and LRRK2-R1441C knock-in mouse embryonic fibroblasts (MEFs)
with the selective LRRK.Z inhibitor MLI-2 (Fell et al., 2015), subjected the cell lysates to immunopre-
cipitation with the phospho-Rab8 antibody and analyzed the immunoprecipitates by immunoblotting
or LC-MS/MS. Immunoblotting of the input cell extracts confirmed that compared to wild type, the
signal detected by the newly developed anti-phospho-Rab8-antibody strongly increased in LREKZ-
E1441C MEFs, and this was blocked by ML-2 treatment (Figure 2E). For detecting immunopraapi-
tates by western blotting, we used CRISPRACASY knodk-cut-validated antibodies (Figure 2—figure
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supplement 2A). This revealed spedfic ennchment of phospho-Rab8A, -Rab10, -Rab35 and -Rab43,
which increased in LRRKZ-R1441C MECFs and was completely prevented by ML-2 treatment
(Figure Z2E). In contrast, Rab1A phosphorylation was not sensitive to MLi-2 in this system, confirming
the data from our initial overexpression soreen.

Using the anti-phospho-Rab$ antibody in LRRKZ-R1441C fibroblasts, we analyzed immunopredpi-
tates by LC-MS/MS. Cuantification of 32 Rab protein intensities showed that Rab3A, Rab8a, Rab8E,
Rab10, Rab35 and Rab43 were enriched more than twofold in a LREK2-dependent manner. Rab3B
and Rab3[D were also detected, howewer, compared to MLU-2 treatment, their ennchment in
untreated cells was less pronounced (about 1.5-fold), probably due to lower protein expression lev-
els (Figure 2—figure supplement 2B,C). In concordance with this, quantification of the switch-ll
phosphorylated peptides of Rab3, Rab8, Rab10, Rab35 and Rab43 in the same expernment revealed
a more than two-fold decrease upon ML-2 treatment (Figure 2F). For Rabl4, Rab? and Rab13,
however, there was no pronounced difference in the corresponding protein and phospho-peptide
levels when comparing untreated with ML-2-treated samples, suggesting that these Rabs are phos-
phorylated by a kinase other than LRRKZ. Finally, we immunopredpitated phosphorylated Rabs from
HEK273 cells expressing LERK2-Y1469%C using the same antibody. Again, we confirmed LRRKZ-spe-
cific ennchment of nine threonine phosphorylated Rab proteins. These were Rab3A/B/C/0, RabBAS
B, Rab10, Rab35 and Rab43 and the protein sequence coverage ranged from 33% (Rab3B) to 70%
(Rab10). Compared to the other family members, this indicates that they are recognized by the anti-
body in a direct manner (Figure 2—figure supplement 20).

In summary, our study demonstrates that 14 Rab proteins are phosphorylated by LRRKZ at the
switch-Il site in an overexpression system (Rab3a/BAC/D, Rab5ABSC, Rab8AJE, Rab10, RablZ,
Rab2?, Rabd5 and Rab43). For ten of these (Rab3AJ/B/C/D, RabB8ASB, Rab10, Rab12, Rab3dS and
Rab43), endogenous LRRKZ-dependent phosphorylation is clearly established; for one (Rab5A), we
ohserved phosphorylation in an overexpression but not an endogenous setting. In vive analysis of
the remaining three Rabs (RabSE, Rab5C and Rab29) was hampered by the unavailability of suitable
antibodies for protein enfnchment or detection [Figure 2G).

Phosphorylation-dependent binding of regulatory proteins to Rabs
Different residues in the switch-Il domain of Rabs can be modified post-translationally, and this inter-
feres with binding to partner proteins such as Rab GDP dissocation inhibitor alpha/beta (GDIN/2).
For example, Rab1B is AMPylated on Y77 (Y80 in Rab1A) by the Legionnaires” disease protein, Drra,
resulting in a constitutively active Rab protein that fails to interact with GTPase-activating proteins
(GAPs) and GDls (Miller et al., 2010; Oesterlin et al, 2012). Similarly, the switch-ll domain of
RablA can be phosphocholinated on 579 during Legionella infection, which results in strongly
decreased GDI binding (Goody et al. 2012; Mukherjee et al. 2071). We showed previously that
phosphorylation of RabBA-T72 and the eguivalent sites, Rab10-T73 and Rabl12-5106 by LRRKZ
decreases GDI binding (Steger et al., 2016). Substitution of Rab7A-T72 with a phosphomimetic glu-
tamnic acid has been shown to abrogate GO interaction (Satpathy et al., 2015). Here, we set out to
test systematically, the effect of replacing the predicted LRRKZ target site with a negatively charged,
phosphomimetic glutamic acid residue on partner protein binding. For this, we mutated these sites
to either non-phosphorylatable alanine or glutamic acid in all 14 Rabs (both T71 and 572 for Rab29)
and expressed them in HEK293 cells (n = 3). Following affinity-ennchment, we digested bound pro-
teins and analyzed the resulting peptides by label-free LC-MS/M5. As expected, the 5/T—L muta-
tions strongly reduced partner binding for all tested Rabs. The 5/T—A Rab mutants instead stably
bound to GDI1/2 and the Rab escort proteins, CHM and CHML, except for both tested Rab29 con-
structs (Figure 3—figure supplement 1A,8). In that case, neither the T/1A/E nor the S72A/E con-
structs interacted with GO, indicating either low binding affinities, an alteration in nuceotida-
binding properties, or protein misfolding.

To ivestigate more specifically the effect of LERKZ-induced Rab phosphorylation on protein
interactions, we expressed LRRK2 in HEK293 cells and determined the interactomes of both HA-
tagged and endogenous Rab84 by AE-MS, before and after chemical LRREZ inhibition. To increase
phosphosite occupancy at 172, we used the pathogenic ROC-COR domain LRREZ-R1441G mutant,
which confers strong intracellular kinase activity (Sheng et al, 2012; Steger et al., 2076). Upon
LRREZ inhibition, RabBA-pT72 levels decreased about eight fold as shown by quantitative M5, estab-
lishing inhibitor efficacy (Figure 3—figure supplement Z). As we had reported previously, GDis
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Figure 3. Phosphorylavon-specific protesn binding to Rabs. (A) AE-MS of HA-Rab8A and (B) endogenous RabBA using extracts of GFP-LRRK2-R1M1G
expressing Flp-In T-Rex HEK293 cells. Expression of the kinase was induced for 48 hr by doxyeychine {1 pg/ml) and LRRK2 inhitsted using HG-10-102-01
(3 uM, 3 hv). LRRK2-requlated, known and unknown Rab8A-binding proteins in both AE-MS expenments are highlighted in red. (C) Label-free (LFQ
[Cox et al, 2014]), MS-quantified RILPL1 and RILPL2 levels after immunoprecpitation of Rab8A from mocdk- or MLi-2 (200 nM, 2 hr) treated LRRK2-
Figure 3 continued on next page
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Frgure 3 continuead

RAA41C MEFs. (D) Pulldown of GFP-tagged RILP, RILPLT or RILPL2, transiently expressed wiath HA-RabBA and the indicated LRREZ vananits (KD-
YISPRCTR017A) in HEK293 cells. Western blot abter Phos-tag SD5%-PAGE was wed to detect interacting proteins usang the indscated antibodies. (MLI-
2 =150 nM, 2 hil. (E) Seqguence alignment of the RILF homology (RH) domains of RILP, RILPLT and RILPL2 showing fve consensed basie ressdues, wiich
are highlighted. (F) Same as [D) but using different RILPLT and RILPL? mutants. For phos-tag blots, filked circles indicate non phosphorylated proteins
and open circles phosphorgdated proteins. (G) AE-MS of GFP-RILPLT (wi or B2 E) and (H) GFP-RILPL2 (wi or R130E), expressed with LRRKZ-Y1699C in
HEE293 cells, and treated or mot with BL-2 (lor wt, 200 nbd, 2 hel. The stedent’s two sample test statistic (Log2) of the indicated comparnisons was used
Tor plotting.

DH: hittpes: i ongd 10.7554/eLife 3101 2.009

The following fugure supplements are available for figure 3

Figure supplement 1. Phosphomimetic 5T->E mutation of the LREKZ phosphorgation site abrogates GDI/2 and CHMACHML binding in 13 Rab
GTPases.

DM hittpes: i doi ong/ 10,7554/ eLife_ 3101 2.010

Figure supplement 2. MS-guantibed pT72-Rabdd peptide levels in HER293 cells expressing LREEZ-R144710G.
DM hittpes: i doi ong 10,7554/ /e Life_3101 2,011

Figure supplement 3. Phospho-dependent imteraction of Rab8A, Rab10 and Rab12 wath RILPL12.

DM hittpes: /Y doi ong/ 10,7554/ eLife_ 3101 2,012

assooiated preferentially with the non-phospho forms of both HA-Rab8A and endogenous Rab8A
(Figure 3A,H). However, this effect was more pronounced in the case of overexpressed HabBA,
probably due to the higher fraction of phosphorylated protein.

Several, to-date undescribed interaction partners that showed preferential binding to the non-
phospho-forms in both the endogencus and HA-tagged systems (Figure 3A,B). These include the
poorly characterized, WD repeat domain (WDR)-containing proteins, WDREB1 and WDR91, which
have recently been linked to regulation of endosomal phosphatidylinositol 3-phosphate levels in C.
elegans and mammalian cells (Liv et al, 20718). The inositol-5-phosphatase, OCEL is a known Rab8A
effector, and our experiments revealed that phosphorylation abolishes its binding to Rab8A. Muta-
tions in the human OCRL gene cause the oculocerebrorenal syndrome of Lowe and it would be inter-
esting to investigate whether the phosphorylation of Rabs is relevant in this context (How et al.,
2011).

Strikingly, we found that Rab interacting lysosomal protein like 2 (RILPLZ) binds preferentially to
the phosphorylated forms of both HA-Rab8A and Rab8A. RILFL2 contains a C-terminal, coiled-coil
Rab-binding domain, which is known as RILP homology (RH) domain, and this is conserved in four
other members of this protein family (RILP, RILFL1 and JIP3/4) (Matswi et al, 2012, Wu et al.,
2005). RILPLY and RILPLZ are poorly characterized proteins; however, a recent report links both to
the regulation of protein localization in primary cilia (Schaub and Steams, 2013). RILP is much bet-
ter studied, and interacts with Kab?/ to control lysosomal motility in cells (Jordens et al., 2007).

To investigate RabBA-RILPLZ interaction in an endogenous setting, we immunoprecipitated
RabBA from mock- or MLU-2 treated, knock-in MEFs expressing the hyperactive LRREKZ variant,
R1441C. This confirmed owr intial LERKZ2-specfic interaction of Rab8A and RILPLZ and also identi-
fied RILFL1 as phospho-dependent Rab8A interactor (Figure 3C).

To further verfy the pRabB8A interaction with RILFLT and RILPL2 and to test for RILP interaction,
we co-expressed GFP-tagged, full length RILP, RILPL1 and RILPLZ with HA-RabBA and LRRK2-
Y1699C or kinase-dead LRRKZ-Y1692C/D2017A. Both RILPLY and RILPLZ, but not RILP, speafically
bound to LRRKZ-generated phospho-Rab8A, and this interaction was strongly reduced by MLi-2
(Figure 30). In this side by side comparison, RILPL2-bound phosphorylated Rab8A much stronger
than RILPLY, indicating that RILFL2Z might be a key effector specific for pRab8A. Phos-tag analysis
independantly confirmed that only the LRRKZ-phosphorylated HA-Rab84 protein was co-immuno-
precipitated with either RILPLZ or RILPL1 (Figure 30).

There are five highly conserved basic residues in the RH domain on RILFLY and RILPL2 that could
potentially mediate the interaction with LERKZ-phosphorylated Rab8A (R291, R293, R300, K310 and
K324 in RILPL1) (Figure 3E). Individual mutation of R291, R293 or K310, but not R300 or K324, abol-
ished the interaction of M-terminally truncated RILPL1 with LRREZ2-phosphorylated Rab8A (Figure 3—
figure supplement 3A). Accordingly, the identified mutations abrogated pRab® interaction with
both full-length RILPL1 and RILPLZ (Figure 3F).
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To extend our RILFL1/2-Rab interaction analysis redprocally, we expressed GFP-RILFL1 (wt or
R291E) and GFP-RILPL2 (wt or R130E) with LERK2-Y14692C in HEK293 cells, in the presence or
absence of MLi-2, and processed the samples for LC-M5/MS analysis after affinity enrichment. Strik-
ingly, in this setup, RILPL1-wt interacted not only with Rab8A, but also with Rab10, and this was
strongly reduced by ML-2 and the R2%1E Rab interaction mutant (Figure 3G). RILPLZ instead bound
all three of our previously identified bona-fide LRREZ substrates, Rab8A, Rab10 and Rabl12 in a
LRRK2-dependent manner (Steger et al.. 2018) (Figure 3H). We further confirmed the phospho-
spedfic Rab84, Rab10 and Rab12 interactions with RILPL1/2 by immunoprecipitation-phos-tag and
phospho-Rab directed antibodies (Figure 3—figure supplement 3B-D). Together these results
unambiguously establish that both RILPL1/2 are phospho-specific Rab interactors and that this inter-
action is mediated by the RH domain of RILFL1 and RILPLZ. Based on these findings, it will be inter-
esting to investigate possible genetic association of RILPL1/2 mutations with PD.

Ciliogenesis is attenuated in cells expressing hyperactive LRRK2

Primary cilia are hair-like structures extending from the cell body and are found on nearly all human
cells (Malicki and Johnson, 2017). Ciliary defects lead to a variety of human diseases known as cilio-
pathies, some more severe than others, and more than 200 genes have been assodated with these
disorders (Reiter and Leroux, 2017). Rab or Rab-regulatory protein dysfunctions play important
roles in a number of cliopathies. For instance, Rab28 is localized at the perialiary membrane of ali-
ated neurons and mutations in its gene are associated with cone-rod dystrophy, an inherited ocular
disorder (Jensen et al.. 2014; Roosing et al., 2013). Similarly, RabZ3 is involved in ciliary protein
transport and Rab23 mutations are assocated with a rare congenital disorder known as Carpenter
syndrome (Boehlke et al., 2010; Jenkins ot al., 2007). Rab8A, Rab10, Rab11, Rab17 and Rab29 are
involved in ciliogenesis; however, no specific disorders are assocated with mutations in these genes
(Knodler et al. 2010; Nachury et al, 2007, Onnis et al. 2015 Sate et al, 2014;
Yoshimura et al, 2007). Since LRRK2 phosphorylation of Rab8&, Rab10 and Rab12 results in
increased RILPL1/Z interaction (Figure 3] and Rab&A, Rab10 and RILPL1/2 are reportad to regulate
primary cilingenesis (Machury et al, 2007, Sato et al., 2014; Schaub and Stearns, 2013), we rea-
soned that LRRKZ itself might be a regulator of primary cilia formation. To test this, we induced alia
formation by serum starvation in LRRKZ-R1441G knock-in MEFs that harbor increased kinase activity,
and cultured them with or without ML-2. Strikingly, as judged by anti-Arl13B8 staining, DMS0-
treated LRRE2-R1441G expressing cells displayed a twofold decrease in the number of ciliated cells
and a reduction in dlia length compared with overnight-MLi-2-treated cells (Figure 4A-C). To con-
firm this finding using another cell system, we analyzed alia formation in 3T3 fibroblasts transfectad
with GFP-LERKZ2-G20195. In this case, about 30% of serum-starved, LRRKZ-expressing cells (GFP
positive] were ciliated [Arl130 positive). Overnight LRRK2 inhibitor treatment (MLI-2) increased this
by twofold, demonstrating kinase dependency of the ciliation defect (Figure 40, E). Thus, two differ-
ent cellular assays support our finding that LRREZ regulation is important for ciliogenesis. To deter-
mine whether the observed defect in ciliogenesis seen in hyperactive LRRK2 mutant-expressing cells
is due to Hab8A phosphorylation, we expressed GFP-Rab8A-T/24 or GFP-Rab8A-TF2LC in serum-
starved RPE-1 cells and assessed both primary cilia formation and exogenous Rab8A protein localiza-
tion by immunoflucrescence microscopy. While GFP-RabBA-wt was localized at dlia in about 80% of
Arl13B-positive cells, this was not true for the T724 nor the T72E mutants, and total numbers of cili-
ated cells did not change in any of the conditions analyzed (Figure 4F-H). Thus, exogenous expres-
sion of the TV24 or TV/2E mutants alone was not sufficent to block cilia formation. This suggests that
other LRRKZ targets might play a role in this process or that endogenous Rab84 is sufficient to sus-
tain clia formation in this experimental setup.

Together, our data demonstrate that LRRKZ activity influences ciliogenesis and kinase hyperactiv-
ity interferes with this process. The precise details of how LREKZ-mediated Rab8A phosphorylation
controls this process and influences RILPL1 and RILPLZ function will be important areas for future
work. Whether phosphorylation of Rabs other than Rab8A by LRRK2 influences cilia formation will
also require further analysis.
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Figure 4 conbnued on next page
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Figuee 4 continued

poasitive) in GFP-positive cells, =50 cells per replicate were counted (v = 3). Ermor bars represent SEM and pvalues were determned using unpaired,
twic-tarled Students t-tests [F) RPE-1 cells were nfected with a lentnans encoding GFP-Rab8A (T72E, T72A or wi] and 48 hr later, semem stamed
anwesrmighit 1o inadece cibation, prmary clia were detected wath mouse anti-Ar13B fred). Dotted hnes indicate cell outhnes. Scals barg = 10 pm. (G)
Ouantification of cells with aliary (4138 positive) GFP-RabiA localization, [H) Ouantitation of primary alia (0138 staining) in GFP-positive cells. Eror
bars represent SEM from three experniments with >75 cells counted per condition.
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Conclusion

Owr systematic analysis of LRRKZ-dependent Rab phosphordation revealed that a distinct subset of
the Rab family is subject to regulation by this kinase. When overexpressed a total of 14 Rabs are
phosphorylated by LRREZ, and at least ten are phosphorylated when they are present in cells at
endogenous levels. Mew tools such as speafic antibodies or sensitive targeted M5 methods, as well
as more in depth analyses of tissues expressing LRRKZ2, are needed to darify whether the remaining
three Rabs (Rab5B/C and Rab2%) are true endogenous LRERKZ substrates. Phosphomimetic substitu-
tion of the identified LRRKZ phosphosites abrogated the binding of Rabs to GDIN/2 and CHAM/
CHML, demonstrating that the phosphoryation of the switch-Il domain is a general regulatory mech-
anism of the Rab cycle. Our data suggest that kinases other than LRRKZ phosphorylate the switch-ll
domain of some Rabs in different contexts. In fact, we found 37 owerexpressed Rabs to be phos-
phorylated within this domain, but only 14 of these are catalyzed by LERKZ. Recent reports that
Rab7A is phosphorylated on T72 during B cell signaling and that Hab1A-T75 is a TAK1 target
{Lewin et al., 2016; Satpathy et al., 2015) support this proposal.

Interactome analysis of all LRRK2-regulated Rabs confirmed GDI-binding as a general feature of
the non-phospho forms. Unexpectedly, our expenments revealed different binding partners when
the phosphomimetic 5/T—E substitution was compared with LERKZ2-induced phosphondation. This
suggests that the 5/T—E mutation does not accurately substitute for phosphorylation in this contest.
It will therefore be necessary to analyze systematically, phosphorylated, endogenous Rabs to identify
proteins that bind spedfically to their phosphorylated forms. The fact that Rabs are only phosphaony-
lated to a low extent in cells may pose challenges for the detection of modification-specific
interactors.

Owr previous work suggested that LRRKZ phosphorylation of Rab proteins leads to their func-
tional inactivation due to interference with binding to specific effectors and their regulating proteins
(Steger et al.. 20168). Here, we have discovered a dominant interaction whereby phosphordated
Rabs bind preferentially to RILPLT and RILPLZ, proteins that are key for aliogenesis (Schaub and
Stearns, 2013). We verified this phosphorylation-dependent interaction in a variety of assays and
showed that RILPL1 and RILFLZ are important binding partners of LERK2 phosphondated-Rab84,
Rab10 and Rab12.

For the first ime, our findings establish a connection between LERK2 and dilia formation. Indeed,
expression of activated LRRKZ mutant proteins interferes with ciliogenesis, a process that is influ-
enced by both Rab8A and Rab10 proteins. Future studies are needed to shed light on the mechanis-
tic details of how LRRKZ regulates the Rab-mediated transport of vesicles during ciliogenasis. In
particular, it will be interesting to investigate whether the defective dopamine signaling in neurons
of PD patients is at least partially due to LRRKZ2-mediated protein trafficking alterations in primary
alia. Although PD is not dassified as a ciliopathy, subtle changes in ciliation may have profound sig-
naling consequences in particular cell types that are onitical for PD pathogenesis.

Materials and methods

Reagents

MLi-2 was synthesized by Matalia Shpiro (University of Dundee) as described previously (Fell et al.,
2015). HG-10-102-01 was from Calbicchem. Doxycycline, v-5-GTP, HA-agarose and trypsin from
Sigma and LysC from Wako. GluC, AspM and Chymotrypsin from Promega. GFP-agarose beads
were from Chromotek. Complete protease and phosphatase inhibitor tablets were from Koche.
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Antibodies

Ant-GFP (#2555), ant-GAPDH (£5174), and-HA (#3724), anti-Rab1A (#13075), ant-Rab&A (#4975),
and anti-Rab10 (#8127) were from Cell Signaling Technologies. Rab3A (PA1-770) and Rab5a (PAS-
29022) from Thermo. Rab3B from Abnova (HO0005865-M02). Rabbit monodonal antbodies for total
LRREZ2 and p5735-LRREZ were purified at the University of Dundee (Dzamko et al, 2012). Anti-
Arl13E from Meuromab, goat anti-mouse Alexa 555 from Thermo Scientific. Rabbit monoclonal anti-
RFabBA was from Abcam (ab188574). Sheep polydonal antibodies against Rab2% phospho-Thri 1
(58770, Rab29 phospho-Ser?Z (SA136) and Rab12 phospho-5er106 (S8760) were generated by
injection of KLH (keyhole limpet hemocyanin) and bovine serum albumin-conjugated phospho-papti-
des CIAGOERFT*SMTRLYYR (Rab2? pl71), COIAGOERFTS*MTRELYYRSS (Rab2? pS72) or CAG-
QERFMNS*ITSAYYR (Rab12 p5106) into sheep and affinity-punfied from serum using the same
phosphopeptides. Antibodies were used for immunoblotting at final concentrations of 1 pgfml, in
the presence of 10 pg/ml of non-phosphorylated peptide. Sheep polyclonal antibodies against total
Rab12 (5AZ227), Rab35 (54314) and Rab43 (5A135) were generated by injection of recombinant full-
length Rab12 (no epitope tag), G5T-Rab3ds or G5T-Rab43 proteins into sheep and affinity-purified
using the proteins with a different tag (6HIS-SUMO-Rab12, MBP-Rab35, HIS-5UMO-Rab43). Anti-
bodies were used for immunoblotting at the final concentration of 1 pg/ml.

The polyclonal phospho-Rab8 antibody that efficiently immunopredpitated multiple LEREZ phos-
phorylated Rab proteins with a Thr site was from Abcam (Burlingame, California). The antibody was
raised against two phospho-T/Z2-Rab8ARabBE peptides (C-Ahx-AGOCRFRT*ITTAYYR-amide and
Ac-AGOERFRTHITTAYYR-Ahx-C-amide, corresponding to residues 6579 of human Rab8). The anti-
body was affinity punified employing the phospho peptide as a positive selection and the non-phos-
phorylated C-Ahx-AGOERFRTITTAYYR as a negative selection step. Rabbit monoclonal antibodies
for phospho-T72 Rab8A/Rab8B and phospho-T73 Rab10 were custom-made by Abcam in collabora-
tion with the Michael J Fox Foundation (Burlingame, California) (Lis et al., 2017). The phospho-
REab10 antibody was raised against two peptides (C-Ahx-AGOERFHTHITTSYYR-amide and Ac-
AGOERFHTHITTSYYR-Ahx-C-amide, comesponding to residues &66-80 of human Rab10). The phos-
pho-Rab® antibody was raised against two peptides (C-Ahx-AGOERFRT*ITTAYYR-amide and Ac-
AGOERFET*ITTAYYR-Ahx-C-amide, comesponding to residues 6579 of human Rab8). For immuni-
zation, the peptides were coupled to KLH wa the Cys residue. *demark the phosphorylated
residues.

Plasmids

GFP-Rab?A (Addgene plasmid £12605) and GFP-Rab%A (Addgene plasmid #12663) were from
Richard Pagano. GFP-Rab&A (Addgene plasmid #42469), GFP-Rab27A (Addgens plasmid #49605),
GFP-Rab2A (Addgene plasmid #4%541), GFP-Rab4A (Addgene plasmid #49434), GFP-Rab18 (Addg-
ena plasmid #47550), GFP-Rab30 (Addgene plasmid #4%607), GFP-Rab3A (Addgene plasmid
#49542), GFP-Rab35 (Addgene plasmid #49552), GFP-RablA (Addgene plasmid #49467), GFP-
Rab13 (Addgene plasmid #49548), GFP-Rab5A (Addgene plasmid #47888) and GFP-Rab10 (Addg-
ena plasmid #49472) from Marci Sadmore. The following Rab constructs were from the University of
Dundee: HA-Rab1B (DU25771), HA-Rab1C (DUS5042), HA-Rab2B (DUS1392), HA-RabdA (DUS1539),
HA-Rab3B (DUSS007), HA-Rab3C (DUS5048), HA-Rab3D (DU26388), HA-Rab4aB (DUS1607), HA-
REab5A (DU26389), HA-RabSEB (DU26106), HA-RabSC (DU47954), HA-RabaB (DU47954), HA-Rab7B
(DUS4134), HA-Rab8A (DU35414), HA-RabBB (DU3%854), HA-Rab%B (DUS4135), HA-Rab10
(DU44250), HA-Rab12 (DU4B%63), HA-RAB12-5106A (DU4B944), GFP-Rab15 (DU24357), HA-Rab17
(DUS4205), GFP-Rab2é (DUAT21, DUATI2E), HA-Rab27B (DUS3133), HA-Rab29 (DUS022Y), GFP-
REab31 (DUZ2B238), HA-Rab32 [DUS2622), HA-Rab33A (DUZ28313), HA-Rab33B (DU28314), HA-Rab35
(DU26478), GFP-Rab3y (DUS3072), HA-Rab38 (DUS52517), GFP-Rab3%A (DUS1554), GFP-Rab3?B
(DU54141), HA-Rab40A (DU53133), HA-Rab40B (DU28315), HA-Raba0C (DUS3203), HA-Raba0AL
(DUS3Z22Y), GFP-Rab41 (DU28239), GFP-Rab43 (DUS3044), HA-Rabd43 (DU2639Z), GFP-Rab44
(DU53224), GFP-Rab45 (DU47924), HA-RabBA-T/2AE (DU4T360/DU47355), HA-Rab10-T73AE
(DUS1006/DUS1007), HA-Rab12-5106A/E (DU4EF66/DU4EFET), Flag-LRREZ-WT (DU&BA1), Hag-
LREEZ-D20174 (DUS2725), Flag-LRRKZ-G20195 (DU1012%), Flag-LRREZ-R1441G (DU13077), Flag-
LRREZ2-Y1699C (DU13145), Flag-LRRKZ-Y14692C/D2017A (DUS2703), RILP-GFP (DUZ274%6), RILPLI-
GFP (DU27305), RILPLZ-GFP [DUZ27481), RILPLI[E280-ENDEGFF (DUZ27317), RILPLIE280-EMD,
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REFILFGFP (DU27478), RILPLI[EZB0-EMD, RZMIEMGFP (DU2T7479), RILPLIEZ2B0-END, R2Z93ILIGFP
(DUZ7471), RILPLI[E2BO-END, R293E}GFP (DUZ7472), RILPLI[E280-END, R3D0OLFGFP (DUZ27473),
RILPL1[E2B0-EMND, RIOOELGFP (DUZ27480), RILPLI[EZB0-END, K310LFGFP (DU27474), RILPLI[E280-
EMD, KI10EFGFP (DUZFATS, RILPLIEZB0-END, K324L1-GFP (DU274746), RILPLI[EZB0-END, K324C)
GFP (DUZZ4TT), RILPLIIR21E] (DU2T525), RILPLI[R293C] (DU27524), RILPLI[K3IT10E] (DU27527),
RILPL{R130E] (DUZ7520), RILPLA[R13ZE] (DUL27522), RILPLAKIAFE] (DU27523) Full datasheets and
reagents are available on hitpsy//mrcppureagents.dundee.acukl. Mutagenesis on Rab3AJB/C/D,
Rab5A/B/C, Rab8B, Rab2?, Rab35 and Rab43 was carried out using (5 site-directed mutagenesis
kit (MEB, #E05545).

Culture and transfection of cells

HEKZ2%3, MEFs and MIH3T3 cells were cultured in Dulbecco’s modified Cagle medium (Glutamas,
Gibco) supplemented with 10% fetal calf serum (FCS), 100 Wml penicillin and 100 pg/ml streptomy-
cin. A549 cells were cultured in DMEM supplemented with 10% FBS, 2 mM L-glutamine, 100 units!
mil penicillin and 100 pg/ml streptomyan. The HEK293-t-rex-flpin stable cell lines with doxyoydine-
inducible mutant forms of LRRKZ have been described previously (Nichols et al, 2010). LRRKZ
expression in HEK293-t-rex-flpln was induced by doxycycline (1 pg/ml). NIH3T3 cells were trans-
fected with eGFP-LRREZ-G20195 at 40% confluency and dlia formation induced by serum starvation
after 24 hr. At the same time, 200 nM MLI-2 [or DMS0 as control) was added and cells incubated
for an additional 24 hr before fixation. LRRKZ-R1441G MEFs were plated at 40% confluency and
serum starved for 24 hr after 1 day. MLi-2 was added at 100 nM or 200 nM over night before fixation
of the cells. Transient transfections were performed 2448 hr prior to cell lysis using either FuGene
&, Fugene HD (PFromega) or polyethylenimine PEl [Polysciences). hTERT-RPE cells were cultured in
DMEM + F12 medium with 10% FBS. GFP-Rab8 (wt, T/2A and T72E) were expressed using lentivirus
vector pSLO1371. After 48 hr of infection, cells were plated onto collagen coated coverslips and 48
hr later treated with serum-free medium to initiate ciliation. Cells were fixed with PFA and stained
using mouse anti-Arl 138 (Neuromab, 1:1000). All cells were tested for mycoplasma contamination
and overexpressing lines were verified by western blot analysis.

Generation of CRISPR-CAS9 knock-outs

The A54% Rab10 knockout cell line has been described previously (Ho et al., 2078). Rab84, Rab35
and Rab43 knockout cell lines were generated using the following constructs (available at https://
mrcppureagents.dundee acuk): DU4B928/DUAR42  (RabB8A), DUS43IA/DUS4340 (Rab3s),
DU54344/DUSA350 (Rab43). Cells at about 80% confluency were co-transfected in a sic-well plate
with the pairs of coresponding vectors using Lipofectamine LTX, with a final amount of 9 pl Lipo-
fectamine LTX and 2.5 pg DNA per well. 24 hr after transfection, the medium was replaced and frash
medium supplemented with puromycin (2 pgfml). After 24 hr selection, the medium was replaced
with medium without puromycin and the cells were left to recover for 48 hr before performing sin-
gle-cell sorting using an Influx cell sorter (Becton Dickinson). Single cells were placed in individual
wells of a 96-well plate containing DMEM supplemented with 10% FBS, 2 mM L-glutamine, 100
units/ml penidllin and 100 mg/ml streptomycin and 100 mg/ml normodn (InvveGen). At about 80%
confluency individual clones were transferred into six-well plates and screened for Rab8A, Rab3s or
Rab43 knock-out by western blotting.

Generation of mouse embryonic fibroblasts (MEFs)

LRRE2-R1441C knock-in mice were obtained from The Jackson Laboratory and maintained on a
C57BL/6) background. Littermate matched wild-type and homozygous LRREZ-R1441C mouse
embryonic fibroblasts (MEFs) were isolated from mouse embryos at day £12.5 resulting from crosses
between heterozygous LRREZ-R1441C/WT mice as described (Wiggin et al., 2002). Cells were
spontaneously immortalized by prolonged passaging. Genotyping of mice and MEFs was performed
by PCR using genomic DMA. Primer 1 (5" -CTGCAGGCTACTAGATGGTCAAGGT —3°) and Primer 2
(5" —CTAGATAGGACCGAGTGTCGCAGAG- 37 were used to detect the wild-type and knock-in
alleles. The PCR program consisted of 5 min at 5°C, then 35 cycles of 30 s at 95°C, 30 s at 60°C and
30 sat 72°C, and 5 min at F2C.
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Immunofluorescence microscopy

Cells were fixed (3% paraformaldehyde, 15 min room temperature), permeabilized uvsing Triton
X100 (0.1%), blocked wath 2% BSA (in PBS) and stained with mouse anti-Arl136 and goat anti-
mouse Alexa 555 antibodies (Both 1:1000). MNudei were stained with DAPI (Sigma). Coverslips were
mounted with Mowiol and NIH3AT3 alia visualized using an Olympus X700 microscope with 60 = 1.4
MA Plan-Apochromat oil immersion objective (Olympus, Center Valley, PA} and a charge-coupled
device camera (CoolSMAP HO, Photometrics, Tucson, AZ). MEF-R1441G cells were visualized using
an 5P8 laser scanning confocal microscope (Leica Microsystems, Germany) using a 63 = 1.4 NA ail
immersion objective. When needed, maximum intensity projections were made and images analyzed
using Imaged.

Phos-tag SDS-PAGE and western blotting

Cells were lysed in ice-cold lysis buffer containing 50 mM Tris/HCI, pH 7.4, 1% (v Triton X-100,
10% (w'v) Glycerod, 1 mM sodium orthovanadate, 50 mM MaF, 10 mM 2Z-glycerophosphate, 5 mM
sodium pyrophosphate, 0.1 pg/ml mycrocystin-LR (Enzo Life Sdences, Switzerdand) and complete
EDTA-free protease inhibitor cocktail (Roche). Lysates were clarified by centrifugation at 20,800 g
and then mixed with 4 = SDS/PAGE sample buffer (250 mM Tris/HCI, pH &.8, 8% (wiv) SDS, 40% (v
v] glycerol, 0.02% (w/v) Bromophenaol Blue and 4% (wv) 2-mercaptoethanaol) and heated at 95°C for
5 min. For SD5/PAGE, 4-20 ng sample was loaded on to MuPAGE Bis-Tris 4-12% gel (Life Technolo-
gies) and electrophoresed at 150 V. For Phos-tag SD5-PAGE, samples were supplemented with 10
mhd MnCl; before loading gels. Phos-tag SD5-Page was performed following the protocol described
previously with slight modifications (o et al, 2016). Gels for Phos-tag S05/PAGE consisted of a
stacking gel [4% (w/v) acrdamide, 125 mM Tris/HCI, pH 6.8, 0.1% (wiv) SD5, 02% (wiv) NN N N-
tetramethylethylenediamine (TEMED) and 0.08% (w/v) ammonium persulfate (APS) and a separating
gel (12% (w/v) acrylamide, 375 mM Trns/HCI, pH 8.8, 0.1% (wiv) 506, 100 uM Phos-tag acryamide,
200 pM MnCl,, 0.1% (w'v) TEMED and 0.05% (wiv) APS). 412 pg of lysate or pull-down samples
were electrophoresed at 70V for the stacking gel and at 135 V for the separating gel with the run-
ning buffer [25 mM Trs/HCI, 192 mM ghyane and 0.1% (wiv) 5DS). After SD5-PAGE, gels were
washed three times with transfer buffer [48 mM Tris/HCI, 39 mM glyane and 20% (w/v) methanaol]
containing 10 mM EDTA and 0.05% (w'v) 505, followed by a 10-min wash with transfer buffer con-
taining 0.05% 505, Blotting to nitrocellulose membranes was carried out at %0V for 180 min on ice
in the transfer buffer without SDS/EDTA. Transferred membranes were blocked with 5% (w/v) non-
fat dry milk (MFDM) dissolved in TBS-T [20 mM Tris/HCI, pH 7.5, 150 mM MaCl and 0.1% (v/v) Tween
20] at room temperature for 45 min. Membranes were incubated with primary antibodies in 5%
MADMITES-T overnight at 4°C. After washing in TB5-T, membranes were incubated at room temper-
ature for 1 hr with either horseradish peroxidase-labelled secondary antibody or with near-infrared
fluorescent antibodies labeled with different flucrophores (680 and 800 nm, both diluted in 5%
MADMITES-T). After washing in TB5-T, protein bands were detected by exposing films [Medical Film
(Konica Minolta)] to the membranes using an ECL solution [Amersham ECL Western Blotting Detec-
tion Reagents (GE Healthcars)] or by L-COR scanning.

Pull-downs

Cells were lysed either in ice cold NP-40 buffer (30 mM Tras-HCI, pH 7.5, 120 mM MNaCl, 1 mM
EDTA, & mM EGTA, 15 mM sodium pyrophosphate and 1% NP-40 supplementad with protease and
phosphatase inhibitors [Roche]), in buffer containing y5-GTP (50 mM Tris-HCI, pH 7.5, 150 mh
MaCl, 5 mM MgCl;, 1 mM EDTA, 1 mM DTT, 10 mM sodium-glycerophosphate, 10 mb sodiom
pyrophosphate, 100 pM ¥-5-GTP and 1% MNP-40 supplemented with protease and phosphatase
inhibitors) in case of endogenous Rab IPs or in 50 mM TrsfHCI, pH 7.4, 1% (wiv) Triton X-100, 10%
(wiv) Glycerol, 1 mM sodium orthovanadate, 50 mM NaF, 10 mM 2-glycerophosphate, 5 mM sodiom
pyrophosphate, 0.1 pgéml mycrocystin-LR (Enzo Life Scences) and complete EDTA-free protease
inhibitor cocktail.

Lysates were clarified by centrifugation at 14,000 rpm after a liquid nitrogen freeze-thaw cyce.
For a-GFF and o-HA pulldowns, lysates were incubated with GFP/HA-agarose resin for 2 hr (2030
pl beads/pulldown). Bound complexes were recovered by washing the beads twice with NP-40
buffer and twice with 50 mM Tris-HCl (pH 7.5) before overnight on-bead digestion at 37°C using
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trypsin [-250 ngfpulldown in 2 M urea [dissolved in 50 mM Trs-HCI pH 7.5]). Digestion with enzymes
ather than trypsin (chymotrypsin, GluC, AspN) were performed according to manufacturer’s instruc-
tions. The resulting peptides were processed as described in ‘LC-M5-MS sample preparation’.

GFP-tagged RILP, RILPL1 and RILPL2 were affinity-punfied from lysates (1-2 mg of protein) by
incubation with 5 pl GFF-agarose resin (GFP-Trap A, Chromotek) for 1 hr at 4°C. Immunoprecpi-
tates were washed twice with lysis buffer and samples eluted from the beads by addition of
2 = SDS/PAGE sample buffer. The mixture was then incubated at 100°C for 10 min and the eluent
collected by centrifugation through a 022 pm pore-size Spinex column before adding 2-Mercaptoe-
thanol [1%). Samples were incubated for 5 min at J0°C prior to normal 505-PAGE or Phos-tag
analysis.

For immunoprecipitation of phospho-Rab from MEFs, the antibody was cross-linked to Protein-G-
agarose beads at a ratio of 1 pg of antibody per 1 pl of beads using dimethyl pimelimidate as the
cross-linking reagent. Lysates were incubated with the antibody-bead complexes for 2 hr at 4°C (20
pl of beads/2 mg of cell extract). The immunocomplexes were washed three times with PBES and
samples eluted from the beads using 2 = SD5%/PAGE sample buffer. The mixture was incubated at
100°C for 10 min and the eluent was collectad by centrifugation through a 0.22 pm pore-size Spinex
column before addition of 2-Mercaptoethanol {(1%). Samples were incubated for S min at 70°C prior
to wastern blotting.

LC-MS/MS sample preparation

Peptides were purfied using in-house prepared SDB-RPS (Empore) stage tips (Rappsilber et al.,
2003) before LC-MS/MS analysis as described previously (Kulak et al, 2074). Briefly, stage tips
were prepared by inserting two layers of SDB-RPS matrix into a 200 pl pipette tip using an in-house
prepared syringe device. Stage-tips were first activated with 100 pl of 30% Methanol/1% Trifluorace-
tic acd (TFA) and then washed with 100 pl 2% Acetonitrile (ACMN)0.2% TFA before loading of the
acidified peptides (1% TFA viv). After centrifugation, the stage-tips were washed trice (200 pl each)
with 2% ACM/0.2% TFA. Elution was performed using &0 pl of 60% ACN/1.25% NH,OH. Euates
were collected in 200 pl PCR tubes and dried using a SpeedVac centrifuge (Eppendor, Concentrator
plus) at 60°C. Peptides were resuspended in buffer A* (2% ACN/0.1% TFA) and briefly sonicated
(Branson Ultrasonics) before LC/MS-MS analysis.

LC-MS/MS measurements

Peptides were loaded on a 20 or 50 cm reversed phase column (75 pm inner diameter, packed in-
house with ReproSil-Pur C18-AC 1.9 pm resin [Dr. Maisch GmbH]). Column temperature was main-
tained at &0°C using a homemade column oven. An EASY-nLC 1200 system (Thermo Fisher Scientific)
was directly coupled online with the mass spectrometer (2 Bactive HF, O Excative HF-X, LT Orbi-
trap, Thermo Fisher Scientific) via a nanc-electrospray source, and peptides were separated with a
binary buffer system of buffer A (0.1% formic aod [FA]) and buffer B (80% acetonitrile plus 0.1% FA),
at a flow rate of 250 or 350 nl/min. Peptides were eluted with a nonlinear 45-180 min gradient of 5
&0% buffer B (0.1% (w) formic acid, 80% [wh) ACN). After each gradient, the column was washed
with 95% buffer B for 5 min. The mass spectrometer was programmed to acquire in a data-depen-
dent mode (Top10-Top15) using a fixed ion injection time strategy. Full scans were acquired in the
Orbitrap mass analyzer with resclution 60,000 at 200 mdz (36 ions were accumulated with a maxi-
mum injection time of 25 ms). The top intense ions (M for TopM) with charge states > 2 were
sequentially isolated to a target value of 1E5 (maximum injection time of 120 ms, 20% underfill),
fragmented by HCD (MCE 27%, O Exactive) or CID (MCE 35%, LTQ Orbitrap) and detected in the
Orbitrap (O Exactive, B = 15,000 at mfz 200} or the lon trap detector (LTQ Orbitrap).

Figure 2 (Rab3B) and Figure 2—figure supplement 1 (Rab5A): Xcalibur (v4.0.27.19) was used to
build a method in which every full scan with resolution 120,000 at 200 m/z (3E5 ions accumulated
with a maximum injection time of 20 ms) was followed by five data-dependent MS/M3S scans with
resolution 15,000 at 200 m/z (the target value of 1ES with a maximum injection time of 32 ms, 1.4
miz solation window and MNCE 27%) and a multiplexed 5IM scan employed wsing the multiple ion
injection method in which both light (endogenous] and heavy counterpart phosphopeptides of RabS
and Rab3B were recorded simultansously (amowunt of spike-in = 300 fmol per injection). Each S1M
scan covered a range of mfz 150-2,000 with resolution 120,000 (1E5 ions accumulated with a
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maximum injection time of 240 ms for both light and heavy counterparts, 1.4 m/z solation window
and 0.4 m/fz isolation offset). For Rab5, m/z values of doubly (z = 2)- and tnply (z = 3}-charged oux-
dized or non-oxdized YHpSLAPMYYR jons were defined as follows: 699891, &691.8%4, 467297,
461.965. For Rab3b, only the doubly (z = 2)-charged non-oxdized YRpTITTAYYR was targeted with
an m/z value of 495424,

LC-M5/MS analysis of pRab8 IPs (Figure 2—figure supplement ZB): Samples were analyzed
using an Crbitrap Fusion Tribrid mass spectrometer coupled to Dionex Ultmate 3000 RSLCnano sys-
temn (Thermo Scientific). Peptides were loaded on a pre-column (C18, 10047, 2 cm PM: 164564) and
resolved on 50 cm analytical column (C18, 10047, 75pX 50 om PM: ES803, Easy -Spray column,
Thermo Scientific). Peptides were separated with a binary buffer system of buffer A (0.1% formic
acid [FA] and buffer B (0.1% (w/v) FA, 0% Acetonitrile [wv]) by applying a non-linear gradient of 5%
to 35% for &5 min and a total run of 85 min. Mass spectrometry data were acquired in a data-depen-
dent mode targeting top 10 precursor peptides from the survey scan for M52 fragmentation using
HCD (32% MCE). Full scans were acquired in the Orbitrap mass analyzer with 120,000 resolution at
200 mfz and the M5/M5 was acquired with Orbitrap with 30,000 resclution at 200 m/z. AGC was set
at 2E5 and 5E4 for MS and M5/M5, respectively.

Data processing and analysis

Raw mass spectrometry data were processed using MaxCuant version 1.5.3.15 or 1.5.8.3 (pRab& P
of Figure 2—figure supplement 2B) (Cox and Mann, 2008; Cox et al.. 2011) with an FDR < 0.01
at the level of proteins, peptides and modifications. Searches were performed against the Mouse or
Human UniProt FASTA database (September 2015). Enzyme specificity was set to trypsin, GluC,
AspM, LysC or chymotrypsin depending on the employed enzyme. The search induded cysteine car-
bamidomethylation as a fixed modification and M-acetylation of protein, cxidation of methionine,
and/or phosphorylation of Ser, Thr, Tyr residue (PhosphoSTY) as variable medifications. Up to two
missed cleavages were allowed for protease digestion. Protein quantification was performed by
MaxCuant (Label free quantification MaxLFO [Cox et al., 2014]), ‘match between runs' was enablad,
with a matching time window of 0.7 min. lon chromatograms of the SIM-M5 files were extracted
using Skyline (version 3.7.0.10940) (MaclLean et al, 2070). Bicinformatic analyses were performed
with Perseus (www perseus-framework.org) and Microsoft Excel and data visualized using Graph
Prism (GraphPad Software Inc) or Perseus (Tyanowva et al., 2018). Significance was assessed using
one sample t-test, two-sample student's t-test and ANOWVA analysis, for which replicates were
grouped, and statistical tests performed with permutation-based FDR comection for multple
hypothesis testing. Were indicated, missing data points were replaced by data imputation after fil-
tering for valid values (all valid values in at least one experimental group). Crror bars are mean +5CM
or mean +50.
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The pathogenic gain of function mutations in the kinase LRRK2 is the predominant genetic cause
of Parkinson’s disease (PD). They increase its activity, resulting in augmented Rab10-Thr73
phosphorylation, and conversely, LRRK2 inhibition decreases pRab10 levels. Monitoring of the
levels of Rab10-Thr73 phosphorylation could thus be used to track PD pathogenesis or onset
and assess LRRK2 inhibitor efficacy in cells and various tissues. This is a crucial or even
desperate need as clinical trials cannot proceed without such knowledge. In this study, we
developed a high accuracy and sensitivity targeted mass spectrometry (MS)-based assay for
determining Rab10-Thr73 phosphorylation stoichiometry in human samples. Our assay uses
synthetic stable isotope-labeled (SIL) analogues for both phosphorylated and non-
phosphorylated counterpart tryptic peptides to derive the percentage of Rab10 phosphorylation.
It employs multiplexed selected ion monitoring (mxSIM) scans in which the endogenous peptides
are separately admitted into an Orbitrap analyzer with the appropriate injection times that result
in a rough equality between them for analysis. This measurement mode precisely and accurately
guantified attomole amounts of the endogenous peptides. Using our assay, | measured Rab10-
Thr73 phosphorylation stoichiometry in neutrophils of LRRK2 mutation carriers before and after
LRRK2 inhibition. Compared to healthy controls, the pathogenic mutation carriers displayed
about two fold increased pRab10 levels, from 1.8 + 0.3% to 3.36 + 0.4%. Our generic MS-based
assay established the significance of pRab10 as a treatment efficacy and stratification marker.
To our knowledge, this is the first time that phosphorylation stoichiometry is measured accurately
in patient-derived cells and used as a surrogate parameter to monitor the activity of a pathogenic

mutant enzyme. The use of our assay in clinical trials is already on the way.
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Accurate MS-based Rab10 phosphorylation stoichiometry determination for LRRK2

activity in Parkinson's disease

Summary

Pathogenic mutations in the Leucine-rich repeat kinase 2 (LRRK2) are the predominant genetic
cause of Parkinson’s disease (PD). They increase its activity, resulting in augmented Eabl0-Thr73
phosphorylation and conversely, LRERKZ inhibition decreases pRabl0 levels. Currently, there is no
assay to gquantify pRabl0 levels for drug target engagement or patient stratification. To meet this
challenge, we developed an high accuracy and sensitivity targeted mass spectrometry (MS)-based
assay for determining Rabl0-Thr73 phosphorvlation stoichiometry in human samples. It uses
synthetic stable isotope-labeled (SIL) analogues for both phosphorylated and non-phosphorvlated
tryptic peptides surrounding Rabl0-Thr73 to directly derive the percentage of Rabl0
phosphorylation from attomole amounts of the endogenous phosphopeptide. The SIL and the
endogenous phosphopeptides are separately admitted into an Orbitrap analyzer with the appropriate
injection times. We test the reproducibility of our assay by determining Rabl0-Thr73
phosphorylation stoichiometry in neutrophils of LREK2 mutation carriers before and after LRREK2
inhibition. Compared to healthy controls, the PD predisposing mutation carriers LEREK2 G20195
and VP535 D620N display 1.9-fold and 3.7-fold increased pRabl0 levels, respectively. Our generic
MS5-based assay further establishes the relevance of pRabl0 as a prognostic PD marker and is a
powerful tool for determining LRERK?2 inhibitor efficacy and for stratifving PD patents for LRREK2

inhihitor treatment.
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Accurate MS-based Rab10 phosphorylation stoichiometry determination for LRRK2

activity in Parkinson's disease

Parkinzon's diseaze (PD) iz the second most commen newrcdegenerative conditions, and no dizeasze-
modifying therapies exist to date ¥, Although most PD cases are idiopathic, mutations in several genes
have been linked to familial forms of the diseaze . Among those, mutations in the Leucine-rich repeat
kinase 2 (LEEK2?) comprize the predominant genetic cause of PD and account for 1% of sporadic and 4%
of familial cazes worldwide, and much higher in some populations °. At least six pathogenic missense
mutations in LRRK?2, including the most frequent G2019% substitution, have been identified * and zeveral
studies confirmed that these mutations increase its kinase activity ~%. LRRK2-associated PD is clinically
largely indiztinguishable from idiopathic PD, suggesting that LERE? inhibition may be a useful a therapy
for a larger group of patients *. Clinical trials with selective LRRK? kinaze inhibitors are ongoing and have

already paszed phasze 1.

Downstream targets of the LRRE? Lkinaze have long been emigmatic and controversial, but using genetic
mouze models, specific inhibitors and a novel phosphoproteomics workflow, we have recently identified
and verified a subset of Rab GTPazes (Rab3A/B/C/D, RabSAB/C, RabSAB, Rabll, Eabkl2, Rabl9,
Rah33, and Rab43) as bona fide substrates 3°. Among these, Rab10 appears to be a key physiological kinase
substrate % We found that LREKY directly phosphorylates Rabl0 at The73 and all known pathogenic
forms of LRRK? enhance this phosphorylation 7. Intriguingly, the PD-associated DE20N mutation of the
retromer complex protein VP333 also activates LEREZ2 kinaze activity, which in turn results in avgmented
Rabl( phosphorylation . Thus, multiple PD-associated factors are interconnected and dysregulation of a

common LREEK2-Rab zignaling pathway appars to be an vnderlying cavsze of PD.

The LRREK? auvtophosphorylation site Ser1292 has been widely used for assessing LERK? kinasze activity
V1% Hewever, its stoichiometry (percentage of melecules phosphorylated) appear to be extremely low and
there iz no zensitive phospho-specific antibody available to reliably detect and quantify phosphorylation at
this site 2% We recently developed several high-affinity antibodies for detecting pRab protein: in cells
and in tizzues ¥ Among thoze, a highly specific clone detects pThe73 levels in human peripheral blood
cells of (mutant) LRRE2 G20195 and VPS35-D620N carriers with Parkinson's dizeasze '»1°. While pRabl10
levels were markedly increased in VP333 DE20IN carriers, no statistically significant differences in pRabl(
levels were detected by immunoblotting analysis when comparing controls to LERE2-G20195 carriers in

113 The reproducible quantification of

peripheral blocd mononuclear cells (PEMCz) and neutrophils
immunoblots, particularly the detection of small (<2 fold-) changes is challenging. In contrast, mass
spectrometry-bazed quantification has become a gold standard and has several advantages over traditional
biocchemical methods, as it is more specific and potentially more accurate. Importantly, MS allows

simultaneous detection of both the phosphorylated peptide and the total protein pool and hence enables the
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direct calculation of the absolute fraction of the phosphorylated protein, also known as phospherylation

stoichiometry or cccupancy 2.

There are zeveral strategies differing in their accuracy, throughpot and applicability for measuring
phosphorvlation stoichiometry by MS 2. One way iz to compare the intensities of modified and
vnmodified peptides by label-free proteomics ¥, However, due to potential differences in ionization
efficiencies, the MS signals of individual peptides cannot be directly compared to each other. Stoichiometry
determination based on heavy-to-light ratios of stable isotope-labeled (SIL) analogues of phosphorylated
and non-phosphorylated proteclytic peptides and their endogenous counterparts can overcome this problem
and allow a much more senzitive and precize readout for monitoring kinaze activity *%°. Alternativelv, a
SIL recombinant protein that is chemically or enzymatically phosphorylated can alzo be used as the spike-
in standard ** MS strategies determining stoichiometry that are combined with tailored targeted methods
are especially suited for accurate quantification of low levels of a given phosphorylated analyte . In
particular, instruments with an Orbitrap mazs analyzer can be operated in targeted scan modes such az high
rezolution selected ion monitoring (SIM) or parallel reaction monitoring (PEM). In both methods, precursor
ions are isolated with a narrow m/'z range by a quadrupole mass filter before introduction into the Orbitrap
analyzer, thereby providing increased signal to moize ratio for the ion of interest and allowing attomole-
level limits of detection *'*°. As no fragmentation is involved in SIM, quantification of selected ions relies
on the high resolution in the Orbitrap mass analyzer alone. In contrast, in PEM, fragment ions are used for
quantification of the peptide. While that approach is more specific, the overall sensitivity of PRIV can be

lowrer, as the signal of a given precursor ion iz distributed across multiple fragments

Here we describe an accurate and and highly-sensitive MS3-assay for determining the Rabl0-The73
phosphorylation stoichiometry and how it changes in Parkinson’s diseaze. We evaluate it by comparing
Rabl0-Thr73 phosphorylation levels in healthy controls, idiopathic PD patients, and PD patients with
defined genetic cause. Our assay enables the detection of subtle changes in Babl( phosphorylation, which
are beyond what is detectable by typical immunoassays. We show that pRabl0 stoichiometry when
measured precisely using our assay can serve as a robust target engagement and patient stratification marker

in clinical studies.
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EXPERIMENTAL PROCEDURE

Experimental Design and Statistical Eaticnale

The experimental design and statistical rationale for each of the experiments conducted in this study are
described in detail in each subsection and figure legend. Briefly, all neuvtrophil samples i1solated from
individuals were measured with technical replicates (n=3). The LOQ experiment and IP experiments were
alzo measured in technical replicates (n=3). For CV experiments, we repeated M35 measurements
(analytical), and the workflow in the zame gel (intra-assay) or in different gels (inter-assay) vsing the same

phosphoprotein standard (n=6).

Study participants and blood sample collection

Our aszay was applied in the nevtrophils collected from 14 healthy controls, three idiopathic PD patients,
four LREK2 G20193 and threee VP533 D620N mutation carriers with PD .

For setting vup and validating owr assay, we recruited seven volunteers from within the Department of
Protecmics and Signal Transduction at the Max Planck Institute of Biochemistry who kindly donated blood
for our study. The data shown in Figures 1 and 3 and Figures 51-3 are derived blood samples from healthy
donors, which provided a written informed consent, with prior approval of the ethics committee of the Max

Planck Society.

For the experiments shown in Figure 4, nevtrophil lysates derived from either idicpathic PD patients, PD
patients carrving a heterozygous LREK2 G20195 or VP333 DE20N mutation or non-PD controls were used
that had been previously used for publication (*! and ¥, respectively, Table 54). All procedures were
performed in compliance with the local ethics review boards and all participants provided informed consent.
These lysates were subjected to MS analysis in a blinded experimental set-up, with the identity of the lysates

only being revealed after completion of the MS analysis.

Reazents

MLi-2 was purchased from Tocris Bioscience (cats 5736). DIEP, HA-agarose and trypsin were from Sigma
and LyzC wasz from Wako. Microcystin- LR was from Enzo Life Science:. Complete proteasze and
phosphataze inhibitor tablets were from Foche. SIL peptides in absolute gquantities (AQUA) were purchased

from Sigma-Aldrich.
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Antibodies

Anti-GAPDH (£3174), anti-HA (£3724), and anti-Fab10 (28127) were from Cell Signaling Technologies.
Eabbit menoclonal antibody for total LRRE?2 (UDD3, ab133518), Rabld (T73) antibody [MIF-F21] and
polyclonal phosphe-Rab  (initially raised against Rabf) antibody [MIF-R20] that efficiently
immunoprecipitated multiple LRRK2 phosphorylated Rab protein: were purchased from Abcam
(Burlingame, California). They were custom-made by Abcam in collabeoration with the Michael J. Fox

Foundation (Burlingame, California) 3.

Plazmids

HA-Babl0 (DU44250) and Flag-LREK2-Y1699C (DU13163). Full datasheets and reagents are available

on https:/'mreppureagents dundeeac.uk’.

Stable 1sotope labeling and purification of the Eabl 0 protein standard

Buffer A: 50 mM HEPES pH 2.0, 500 mM LiCl, 1 mM MgC12, 100 ph GDF, 1 mM TCEF and Elution
buffer: Buffer A + 300 mM imidazole

To obtain unlabeled Rab10 standard, human Hizs-tagged Rabl10 (residues 1-175) comstruct from Rai et al *
was expressed in E. coli BL21 (DE3) harboring the GroEL/S plasmid and protein expression was induced
with isopropyl B-D-1-thiogalactopyranozide overmight. Cells were lysed by zonication in a buffer
containing 30 mM HEPES pH 5.0, 300 mM LiCl, 1 mM MgC12, 100 pM GDP, 1 mM TCEP (Buffer A)
supplemented with several protease inhibitors including 30 M Antipain and 530 pM Chymostain. Proteins
were purified by Ni-NTA affinity chromatography. Briefly, bound proteins eluted with an imidazole
gradient {23mM-500mM) and imidazole was removed by washing with 300 ph ATP containing Buffer A.
Further purification was done by ion-exchange chromatography (Q-Sepharose) followed by size exclusion
chromatography using a Superdex 200 column. Peak fractions containing recombinant protein were pooled.
Identity and purity of the standard protein were assessed by Maldi-TOF MS and SDS-PAGE. To obtain
labeled Rabll standard, we vsed an auxotrophic expression strain for arginine and lyzine %37 Cultures
were grown in PAS052 minimal autoindoction media containing heavy Argl0 and LysS and cells were

harvested for purification of SIL Rabl0 protein standard as deseribed earlier.

Jn vitro LRRE? kinaze assays
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Becombinant LERE2 G20195 (Invitrogen, PV4581) and Rab proteins were incubated at 30°C for 30 min
in kinase aszay buffer (100 mM Triz-HCL, pH 7.5, 30 mM MgCI2, 5 mMEGTA, 1 mM GDP, 10 mM DTT,
25 mM f-glycerol phosphate, 5mM Scdivm orthovanadate, and 30 uM ATE). The reaction was terminated
by addition of 2 pM HG-10-102-0.

Cell culture and tranzfection

HEE293 and MEFz {WT and LERK2-R1441G) cells were cultured in Dulbecco’s modified Eagle medivm
(Glutamax, Gibco) supplemented with 10% fetal calf zerum, 100 U/ml penicillin and 100 pgimi
streptomycin. Transient transfections were performed 45 hours prior to cell lysis using polyethylenimine
PEI (Polysciences). Transfected cells were subjected to DMS0 or MLi-2 {dizzolved in DMS0) treatments
at concentrations and pericd: of time az indicated in each figure legend. All cells were tested for

mycoplasma contamination and overexpressing lines were verified by western blot analysis.

Neutrophil isolation, characterization, treatments and 1ysis

The procedure for neutrophil collection waz done as described in detail in our video article *%. Pipetting of
human blood were undertaken in a biological safety cabinet. Briefly, 10 mL of blood was collected into a
blood collection tube and mixed gently by inverting tubes. Next, it was transferred into a 30 mL conical
tube and mixed gently with 100 uL of EDTA Stock Solution (100 mM EDTA in phosphate-buffered saline
(PBS)). Neutrophils were isclated by immune-magnetic negative isclation using the MACSxpre:s®
Weuntrophil Isolation Kit (Miltenvi Biotec, Cat® 130-104-434). For § ml of blocd, one vial of "Tsolation
Cocktail” (magnetic beads) from the nevtrophil isolation kit delivered as a Iyophilized pellet, was
reconstituted by adding 0.25 ml of Buffer A and 0.23 ml of Buffer B in that order. The cocktail was mixed
by gently pipetting and added to § ml of whole blood in 15 ml falcon tube. The blood sample containing
the cocktail was gently mixed by inversion and incubated at room temperature for 5 min. The falcon tube
was next placed into the magnetic field of the MACS=xpress Separator (2 130-098-308) for 15 min. The
magnetically labeled cells (non-nevtrophils) adhere to the wall of the tube while the aggregated erythrocytes
sediment to the bottom. The supernatant (~ 7 ml) containing the enriched nevtrophils was carefully pipetted
inte a new 13 ml faleon tube, aveiding touching the magnetic beads attached to the sides of the falcon tube
as well as the red blood cells at the bottom of the tube. The supernatant containing the izolated neutrophils
was centrifuged at 300=g for 10 min at room temperature (acceleration and deceleration is both 5 using a
Beckman Coulter Allegra X-15R Centrifuge). To ensure the removal of erythrocytes, the pelleted neutrophil
cells were resuspended in 10 ml of 1 Eed Blood Cell Lysis Sclution (£ 130-094-183), incubated for 10
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min at room temperature and centrifuged at 300=g for 10 min at room temperature. To assess the punty
and recovery of the enriched neutrophils an aliquot was taken at this stage and we later fluorescently stained
cells with CD14-PerCP, CD13-PE, CD16-APC, and CDI193-FITC and analyzed by flow cytometry. Cell
debriz, dead cells were excluded from the analysis based on scatter signals and DAPT Finally, the cell pellet
was resuspended with 10 ml room temperature EPMI 1640 media by gentle pipetting. Atthis stage, purified
cells were subjected to MLi-2 (disselved in DMSO) treatment at concentrations and periods of time as
indicated in each figure legend. An equivalent volume of DMSO was added to negative control zamples.
Following treatment, cells were pelleted through centrifugation at 300 g for 3 min Cells were then
rezuspended in 5 ml of ice-cold PBS and centrifuged again at 300 g for 5 min. The supernatant was carefully
removed by pipetting. Cells were byzed in 300 ul of ice-cold NP-40 buffer (30 mM Tris—HCIL pH 7.3, 1%
(vwiw) Tritem X-100, 1mM EGTA, 1mM scdivm orthovanadate, 30 mh NaF, 0.1% (v+v) 2-
mercaptoethancl, 10 mM 2-glycerophosphate, 5 mM sodivm pyrophosphate, 0.1 pg/ml microcystin-LE,
270 mM sucrose, 0.5 mM DIFP (Sigma, Cats D0879) supplemented with protease and phosphatase
inhibitors (Roche)). Lyzate was clarified by centrifugation at 16,000 rpm for 13 min at 4°C after a liquid
nitrogen freeze-thaw cycle. Protein concentration was measured vsing Bradford assay (Thermo Scientific),
snap-frozen and stered at —80°C. The whole procedure from the collection of blood to the freezing of

nevtrophil Iysates was up to 4 hours.

Immunoblot analysis

Cell Iysates were mixed with 4= SD3-PAGE loading buffer [250 mM Tris—HCI, pH 6.8, 8% (w/v) SDS,
40% (v/v) glyeercl, 0.02% (w'v) Bromophencl Blue and 4% (v/v) 2-mercaptoethancl] to final total protein
concentration of 1 pg'ul and heated at 85°C for 10 min. Samples were loaded onto NuPAGE Bis-Tris 4—
12% gel (Life Technologies) and electrophoresed at 130 V for 1 hwith MOPS 3DS renning buffer followed
by transfer onto the nitrocelluloze membrane (GE Healtheare, Amershatm Protran Supported 0.45 um NC)
at 100V for 90 min on ice in the transfer buffer (48 mM Tris—HCI and 39 mM glycine). Membrane was
then cropped inte pieces: from top of the membrane to 75 kDa to ineubate with rabbit anti- T ERK2 UDD3
antibody, from 73 to 30 kDa to incubate with rabbit anti-GAPDH antibody and from 30 kDa to the bottom
of the membrane to incubate with rabbit monoclonal antibodies for anti-Rabl0-pThr73 or anti-Fab10.
Antibodies diluted in 5% (w/v) BSA in TBS-T to a final concentration of 1 pg/ml. All blots were incubated
in primary antibody overnight at 4°C. Prior to secondary antibody incubation, membranes were washed
three times with TBS-T (20 mM TrisHCI, pH 7.5, 150 mM NaCl and 0.2% (v/v) Tween 20} for 10 min
each. Membranes were incubated with secondary antibody multiplexed with goat anti-rabbit diluted in 5%

(wv) non-fat dry milk (INFDM) in TBS-T (1:3000 dilution) for 1 h at room temperature. They were next
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washed with TB3-T three times for 10 min. Protein bands were detected uzing an ECL solution {Amersham
ECL Western Blotting Detection Reagents (GE Healthcare)) and the ImageQuant LAS 4000 imaging
system. For the immunoblots shown in figure 4A and 4D, the membranes were developed vsing the LI-

COE. Odyssey CLx Western Blot imaging system.

Cells Ivsiz and pull-downs

Cellz were lysed in either NP-40 buffer (50 mM Tris-HCI, pH 7.5, 120 mM NaCl, 1 mM EDTA 6 mM
EGTA, 20mM WNaF, 13 mM zodivm pyrophosphate and 1 % NP-40 supplemented with protease and
phosphataze inhibitors (Foche)) or Triton 3-100 buffer (50 mM Tris—HCIL, pH 7.5, 1% (/%) Triton X-100,
1mM EGTA, 1 mM sodivm orthovanadate, 30 mM NaF, 0.1% (v7%) 2-mercaptoethanol, 10 mM 2-
glycerophosphate, 5 mM zodivm pyrophosphate, 0.1 pg'ml microcystin- LR, 270 mM sverose, 0.5 mM
DIFP (Sigma, Cat= DOETY) supplemented with protease and phosphatase inhibitors (Roche)). Lysates were
clarified by centrifogation at 16,000 rpm for 15 min at 4°C after a liquid nitrogen freeze-thaw cycle. Protein
concentrations were measured using Bradford assay (Thermo Scientific), snap-frozen and stored at —80°C.
For HA pulldowns, lysates were incubated with HA-agaroze resin for 2 h (25 pl resin per 100 ug of lyzates).
For immunoprecipitation vsing total Rabl( or phospho-Rab, lysates were incubated with antibodies in
manufacturer’s recommend dilutions or concentrations overnight at 4°C and subsequently incubated with
25 Wl of Protein-A/G-agaroze beads for 2 h at 4°C. To remove vnspecific binders, beads were washed twice
with matching lysis buffer and twice with 30 mM Tris-HCL (pH 7.5). SIL phosphorylated Rabl(0 protein
was mixed with the beads at this step if used as standrad. Wazhes were followed by on-bead digestion
overnight at 37°C with trypsin (~300 ng'pulldown in urea buffer [2M urea dissolved in 30 mM ammoninm
bicarbonate] or SDC buffer [1% (w/v) SDC in 100 mM Tris-HCL pH 2.3]). The resulting peptides were
processed as described in ‘LC-MS/MS sample preparation’.

In-Gel digestion protocol

Cell lyzates were mixed with 4 » SDS/PAGE sample buffer (250 mM Tris/HCIL, pH 6.8, 8% (w/v) SDS,
40% (vv) glycercl, 0.02% (w/v) Bromophenol Blue and 4% (v/v) 2-mercaptoethancl) and heated at 85°C
for 3 min SIL Babld phosphoprotein was mixed with samples at this step if used as standard. 20-30 pg
sample (3 pg per MS analysis) was loaded onto NuPAGE Bis-Tris 4-12% gel (Life Technologies) and
electrophoresed at 180 V. After SD5-PAGE, gel was washed once with deionized water and stained with
(.1% Coomassie Blue BE230 in 10% acetic acid, 40% methanol and 60% deionized water for 20 min and

subzequently destained by soaking for at least 2 h in 10% acetic acid, 40% methancl, and §0% deionized
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water with at least two changes of the solvent (until the background is nearly clear). Gel band correzponding
to 20-30 kDa iz excised and chopped into smaller pieces (~ 1 x 1 mm) and placed in clean 1.5 ml tubes. Gel
pieces are washed two or three times with 30% 30 mM ABC / 50% EtOH for 20 min at BT and then
completely dehydrated by incubating for 10 min in absolute EtOH. Samplesz were dried in a speed-vac for
10 min (45°C) vntil the gel pieces were bouncing in the tube. Gel pieces were rehydrated in 300 pl of 1%
(W) 3DC buffer (10 mM TCEP, 40 mM CAA trypsin in 100 mM Trs-HCL pH 8.5) per sample and
placed at 37°C overnight. The next day, 300 pl of isopropancl buffer (1% TFA in isopropancl) was added
and shaken for 10 min and spin down. The liquid was transferred into a fresh tube. Further 200 pl of
izopropancl buffer was added to the gel pieces and shaken vigorcusly for 20 min at RT. It was combined
with that from the previous step. Samples were directly loaded onto SDB-EPS stage tips and processed as
described in “LC-MSMS zample preparation’.

Human MNeutrophil Proteome Digestion, In-StageTip Purification and Fractionation

The neutrophil cell pellet was prepared with the 13T Kit for protecmic sample preparation (P.O. 00001,
PreOmics GmbH). In brief, thiz invelved dematuration, alkylation, digestion and peptide purification.
Reduection of dizulfide bridges, cysteine alkoylation and protein denaturation was performed at 95°C for 10
min. After a 5 min cocling step at room temperature, trypsin and LysC were added to the mixture at a ratio
of 1:100 micrograms of enzyme to micrograms of protein. Digestion was performed at 37°C for 1 h. 20 pg
of peptides was loaded on two 14-gavge SDB-FPS StageTip plugs. Samples were directly loaded cato
SDB-RPS StageTips processed as described in "LC-MS/MS sample preparation’. Clean peptides were

separated using the high-pH reversed-phase "Spider fractionator” into 24 fractions as described previcusly

to generate deep protecmes i

LC-MS/MS zample preparation

StageTips™ were prepared by inzerting two 16-gange lavers of a SDB-RPS matrix (Empore) into a 200 ul
pipette tip using an in-house prepared syringe device as described previcusly . The StageTips were
centrifuged vsing an in-house 3D-printed StageTip centrifugal device at 1300 g. The acidified peptides (1%
TFA v/v) were loaded onto the StageTips that were later washed with 1% TFA in isopropancl and
subzequently 2% ACN/0.2% TFA. Elution was performed using 60 pl of 50% ACN/1.25% NH.OH or 80%
ACN/MN.25 %% WH:OH. Eluates were collected in PCE tubes and dried using a SpeedVac centrifuge
(Eppendorf, Concentrator plus) at 60°C. Peptides were resuspended in buffer A* (2% ACN/0.1% TEA) and
triefly sonicated (Branson Ultrasonics) before LC/AS-MS analysis. To calculate absolute Rabl0-pThr73

10
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cccupancy, we spiked SIL phosphorylated and non-phosphoryvlated counterpart peptides into samples at
this step. Light contamination in heavy standards was not detected up to 100 finol of spike-in amount (the
highest amount tested). Given that the detection limits of theze peptides with cur mxSIM azsay were below

50 amol, light contamination is determined to be <0.05%.

LC-MSNWE meazurements

Peptides were loaded on a 20 or 50 cm reversed phase column (75 pum inner diameter, packed in house with
BeproSil-Pur C18-AQ 1.9 um resin (Dr. Maisch GmbH)). Column temperature was maintained at §0°C
using a homemade column oven. An EASY-nl.C 1200 system (Thermo Fisher Scientific) was directly
coupled online with the mass spectrometer (Q Exactive HE-X, Thermo Fisher Scientific) via a nano-
electrospray source, and peptides were separated with a binary buffer system of buffer A (0.1% formic acid
(FA)) and buffer B (80% acetonitrile plus 0.1% FA), at a flow rate of 300 nl/min. Peptides were eluted with
a 45 min gradient of 3-60% buffer B (0.1% () FA, 80% (vv) ACN). After each gradient, the column

waz waszhed with 95% buffer B for 5 min.

The mass spectrometer was programmed to acquire in targeted scan mode in which every full scan with
rezolution 60,000 at 200 m'z (3 x 107 ions accumulated with a maximum njection time of 20 ms) was
followed by two multiplexed selected ion monitoring (mxSIM) scans employing multiplexing degree of
twio to record both light (endogenous) and heavy counterpart simultanecusly for either phosphorylated or
non-phosphorylated Rabl0-pT73 tryptic peptides. Each SIM scan covered a range of m/z 150-2000 with
resolution 120,000 (107 ions accumulated with a maximum injection time of 230 ms for both light and
heavy covnterparts, 1.4 m'z isolation window and 0.4 m/z isolation offset). m/z valves of doubly-charged
Rabl0-pT 73 tryptic (FHpTITTSY YR) light and heavy peptides (arginine labeled (13C, 15N)) were defined
as follows: 6848028 and 689.8070 whereas doubly-charged Rabl0 non-phosphorvlated troyptic
(FHTITTSYYE) light and heavy peptides (arginine labeled (13C, 13N)) were targeted at m/z of §44. 3197
and 649 8238,

For the LOD experiment (Figure 1), the mass spectrometer was programmed to acquire in either full zcan
mode alone or SIM or PEM combined with a full scan. Full scan acquisition was performed with a
rezolution of 120,000 at 200 m/'z (3 x 10¢ ion: accumulated with a maximuem injection time of 230 ms) to
cover the scan range of 350-1,650 m'z. SIM acquisition was performed using a resclution of 120,000 at
200 m'z, izolation windows of 1.4 m/z with 0.4 m/z offset, target AGC valuez of 2 x 107, and a maximuem

injection time of 230 ms. PEM acquisition was performed vsing a resolution of 60,000 at 200 m/z, 1sclation

11
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windows of 1.4 m/'z with 0.4 m'z offset, target AGC values of 2 x 107, and & maximum injection time of

130 msz. Fragmentation was performed with a normalized collision energy of 27.

The nevtrophil protecomes were analyzed using an LC-MS instrumentation consisting of an EASY-al C
1200 system (Thermo Fizsher Scientific) combined with a Q Exactive HE Orbitrap (Therme Fizsher
Scientific) and a nano-electrospray fon source (Thermo Fisher Scientific). The purified peptides were
separated cnna 50 em HPLC column (75 pum inner diameter, in-house packed into the tip with ReproSil-Pur
C12-AQ 19 pm rezin (Dr. Maisch GmbH)). Of each of the 24 fractions around 0.3 pg peptides were
analyzed with a 45 min gradient. Peptides were loaded in buffer A (0.1% FA, 3% DMSO (v/v)) and eluted
with a linear 33 min gradient of 3-30% of buffer B (0.1% FA, 5% DMSO0, 80% (/) ACN), followed by a
7 min increase to 73% of buffer B and a 1 min increase to 98% of buffer B, and a 2 min wash of 9824 buffer
B at a flow rate of 450 nl'min. Column temperature was kept at 60°C by a Peltier element containing in-
house developed oven. MS data were acquired with a Topl3 data-dependent MS/MS scan method (toplV
method). Target values for the full scan MS spectra was 3 x 109 charges in the 300-1,630 m'z range with a
maximum injection time of 55 ms and a resclution of 120,000 at m/z 200. Fragmentation of precursor ions
was performed by higher-energy C-trap dissociation (HCD) with a normalized collizion energy of 27.
ME/MS scans were performed at a resolution of 13,000 at m/z 200 with an ion target value of 5 x 104 and

a maxitum injection time of 23 ms.

For intact mass analysis, proteins were loaded on a reversed-phase column (Phenomenex AerisTW 3.6 um
Widepore €4 100 mm x 2.1 mm inner diameter, 200 A pore size). An Agilent 1100 HPLC system was
coupled online with the mass spectrometer (microTOF, Bruker Daltonik) and mazses were recorded from
500-3,000 m/z. Proteins were separated with a binary buffer system of buffer A (0.05% TFA in H20, pH
2.0 and buffer B (0.053% TFA in can, pH 2.0) at a flow rate of 230 ol'min. Proteins were eluted with a

gradient of 20-50% buffer B in 20 min. After each gradient, the column was washed with 95% buffer B for
one minute and 20% buffer B for 3 min. Data were processed uvsing the CompassTM "DataAnalysis’

software from Brulker Daltonik, deconveoluted with “MaximumEntropy” and an instrument resolving power

of 10,000

Data analvsis and development of mxSIM azzay to calculate phosphorylation stoichiometry

The type of our targeted occupancy assay is a Tier 2, according to previously published zuidelines . For
the calculation of absolute Rabl0-pThe73 cccupancies, raw MS data were processed vsing Skoyline 4.2
(0.19072) ** which iz an open source software project and can be freely installed. Faw files were directly

imported into Skyline in their native file format. After data import, graphical displays of chromatographic
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traces were manually inspected for proper peak picking of MS1 filtered endogenous peptides based on co-
eluting stable isotope-labeled peptides. All quantitation performed for phosphorylation occcupancy
calculations in this study were done on the precursor ion level Oaly the most abundant first two peaks of
the izotope cluster were used for quantitation. Peptide areas (AUCs) for the non-phosphorylated tryptic
Rabll peptide (FHTITTSY YR, m'z 644.83197—) and the phosphorylated tryptic RablQ peptide
(FHpTITTSY YR, m'z 684 8028+ with their R=13C613N4 heavy analogues were extracted to derive
light-to-heavy ratios. The abzolute quantification was determined by comparing the abundance of the
known SIL  internal standard peptides with the native peptides. The phosphorylation
stoichiometry/occupancy i calculated by taking the ratio of the total amount of phosphorylated fraction to
the total amount of both phosphorylated and noen-phosphorylated forms, which is always represented as
percentage (%), When vaing mxPEM method, the median ratic of all vnique v ions that belong to the
phospherylated and nonphosphorylated tryptic Rab10 peptides was vzed to calculate occupancy. All details

for cccupancy calculations in this study are provided in the Table S3.

For the deep proteome of human nevtrophils, raw MS data were processed vsing MaxQuant version 1.5.6.8
L2 against the Human UniProt FASTA database containing 21,052 entries (UniProt, releaze 2017) and a
lizst of 243 potential contaminants. Enzyme specificity was set to trypsin, and the search included cysteine
carbamidomethylation as a fixed modification and N-acetylation of protein and oxidation of methionine as
variable medifications. Up to two missed cleavages were allowed for protease digestion, and peptides had
to be fully tryptic. MaxQuant uses individual mass tolerances for each peptide, whereas the initial maximupm
precursor mass tolerances were set to 20 ppm in the first search and 4.5 ppm in the main search, and the
fragment mass tolerance was set to 20 ppm. The false discovery rate was controlled with a target-decoy

approach at less than 1% for peptide spectrum matches and less than 1% for protein group identifications.

43

Biocinformatic analyses in thiz study were performed with Perzeus (www.perseus-framework org)
Microzoft Excel and data wvisvalized uvsing GraphPad Prism (GraphPad Software) or RStudio

(https:/wrnw. rstudic.com).

Data Avatlability

Protecmic: raw data have been  deposited to  the ProteomeXchange Consortivm
(http://proteomecentral protecmexchange org) via the PRIDE partner repository with the data zet identifier
PHDO15219 (Username: reviewerdS232@ebiacuk and Password: GCElhjuR) and PXDO0193514

(Username: reviewerD0895@ebiacuk and Password: gVWVw406k) and at Pancrama Web
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(https://pancramaweb.org/pRabl0 vrl, vsername: pancrama+mpid (@proteinms net, password: IkHhN=PL).

Annotated spectra for the results can be viewed through MS-Viewer nsing the search key zhowtépazy *

RESULTS

Rabl0-pThr73 serves as a readout for LRRK?2 activity in human peripheral blood neutrophils

We decided to monitor Rab phosphorylation in in human peripheral blood neutrophils, as this theze can be
sampled in a minimally invasive way. To explore which Rab GTPases were expreszed in these cells and
which of them could serve az a readout for LRERE? activity in a quantitative MS-based aszay, we first
isolated nevtrophils from whole blood using a negative selection approach. We assessed the recovery and
the purity of the enriched cells by flow cytometry and found it to be more than 958%, with > 96% of them
vigble (Figure 51). Proteomic analysis resulted in 5 488 quantified proteins, for which we estimated the
copy mumbers per cell using the protecmic ruler approach ¥ (Figure 1A and Table 81). Encouragingly,
LRREK2, the vezicular protein VP333 and many of the Eab proteins that are LREK? substrates were in the
highest quartile of the abundance-ranked proteome (Figure 1B). The bona-fide LREK? substrate Eab10
had the highest copy number among all detected Eab proteins with and estimated 1,820,000 copies per cell,

suggesting its zuitability as a marker for LRRK?2 activity in PD (Figure 52).

To determine whether Rabl0 iz the only Rab family member that is phosphorylated by LERK2 in
neutrophils, we first treated freshly izolated cells with the selective LRREK? inhibitor MLi-2 and confirmed
the downregulation of Rabl0-pThe73 by immunoblotting ! (Figure 1C). In the same lysates, we enriched
phosphorylated Fab proteins with the previcusly described pThe-specific Fab antibody and subjected the
eluates to LC-MS/MS analysis *. We identified 19 Rab GTPazes in total, of which 7 were previously shown
to be LRRED targets ¥ (Figure 1D, Figure 83, Table 32). In two independent pThr-specific Rab antibody
pulldown experiments, Rabl0, Eabd3 and Rabfa phospho-protein levels decreased significantly upon MLi-
2 treatment, indicating that these Rabs are targeted by LREK2 in this system. To directly confirm LTRRK2-
mediated phosphorylation of these proteins, we immunoprecipitated them and quantified Fab10-pThe73,
Rab43-pThr22? and Rabla-pThr72 phosphopeptides by targeted mass spectrometry (Selected Ion
Monitoring, SIM, see below). Only Rabl0 and Rab43 phosphorylation sites were downregulated more than
4-fold after LRRE? inhibitor treatment, demonstrating that the phosphorylation states of these Rabs can be

uszed as readout for LREK? kinasze activity (Figure 1E).
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The high abundance of Rabl0 in nevtrophils and the promize of pThr73 as a biomarker for Parkinson’s
dizease encouraged us to develop a highly accurate and sensitive targeted MS-based assay for quantifying
phosphorylated Rabl0 in human cells at the peptide level. To maximize sensitivity, we explored a
multiplexed SIM (mxSIM) setup on a linear quadrupole Orbitrap instrument (Q Exactive HF-X) *%. In our
strategy, the SIL analogue of the phosphorylated tryptic Rabl0-The73 peptide acts as a sentinel peptide, as
it can be spiked-in in high amounts and elutes simultaneously with its endogencus lizht counterpart. Light
(endogenous) as well as SIL counterpart phosphopeptides are consecutively isolated by narrow quadrupole
izolation windows but simultanecusly injected into the Orbitrap mass analyzer. We set the maximuom total
iont accumulation time to 230 ms, but allocate 90% of this to the endogenous phosphopeptide, thus boosting

itz signal and increasing the sensitivity of cur assay many-fold.

To compare the sensitivity and the accuracy of (mx)SIM with regular full-MS scanning and with PEM, we
mixed variable amounts of the SIL Rabl0 phosphopeptide (10 amel to 30 finel) with 50 ng of a tryptic Hela
digest and measured the SIL pRabl0 peptide intensity vsing cur different scan protocols. Relative to full-
MS scanning, in which the entire mass range (300-1650 m/z) iz analyzed, SIM, either multiplexed or not,
provided a 20-fold increase in sensitivity with a limit of detection (LOD) of 30 amol (Figure 1F). PEM
performed equally well in terms of sensitivity, however, SIM had a somewhat higher guantification
accuracy (B of 0.992 vs. 0.983). For this reason, and because it was sufficiently specific in our system, we

decided to develop a Rabl 0-pThe73 quantification assay based on mxSIM.

To determine the maximum heavy-to-light ratic and the limit of quantification (LOQ) of cur method, we
mixed 23 fincl of the light pRabl0 peptide with variable amounts of its heavy couvnterpart (10 amol to 30
finol) in 30 ng of HeLa digest. The results for mxSIM indicate excellent reproducibility of quantification
also in the multiplexed case (B® = 0.997) (Figure 1G). Due to the differential filling strategy, we accurately
quantified heavy-to-light ratios of Rab10 phosphopeptides of up to 1:500 (25 fmol light and 30 amol heavy
Rabld peptide).

mxSIM precisely accurately determines Rabl0-Thr73 phosphoerylation stoichiometry

To evaluate protein and peptide-centric approaches for determining Rabl0-The73 phospheorylation
stoichiometry, we expressed and purified Babl0 (1-173 aa) from an auxotroph E.cali strain, which allowed
29,35

for incorporation of SIL lysine and arginine into the newly synthesized protein . We were able to

phosphorylate 30% of the recombinant protein by LERK?2, as shown by intact mass analysis, and bottom-
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up protecmics confirmed Thr73 as the phosphorylation site (Figure 54A and S4B). This iz a very suitable
proportion az both phosphorylated and non-phosphorylated peptides are needed as standards and we
therefore decided to use this SIL recombinant phosphoprotein for quantifying the percentage of pRabl0 in
cells. For thiz purpose, we immunoprecipitated HA-Rabl( from LEREE2-Y1699C-expressing HEK203
cells, either treated with MLi-2 or not, and mixed the enriched protein with our SIL standard before joint
tryptic digestion (Figure 53A-B). We then derived the Rabl0-Thr73 phosphorylation stoichiometry, as
described above, to be 6.6 = 1.3%. Subzequently, we used the same measurement but calculated the
cccupancy with the peptide-centric approach, yielding 67.2 = 1.1% occupancy. As both approaches gave
nearly identical results, we decided to use the simpler peptide centric approach for all farther caleulations

(Figure 2B).

Detection of sub-stoichiometric, post-translationally modified peptides in complex mixtures by protecmics
is challenging, even with very sensitive targeted methods, and requires one or more upfront enrichment
steps. To select a suitable antibody for enriching Rabl0, we compared one recognizing the total protein
with one recognizing the HA-epitope tag in HA-Rabl0 expressing cells. Unexpectedly, the Rab10 directed
antibody yielded significantly lower apparent pThe73 cccupancy as compared to the antibody directed
against the epitope tag (50.9 = 0.3% v= 67.2 = 1.1%). An likely explanation for this discrepancy could be
that the anti-Rabl0 antibody preferentially recognizes the non-phosphorylated fraction of the total protein
pool (Figure 2B and C). To address our challenge with a different approach that does not rely on antibodies,
we separated the cell lysate mixed with the SIL phosphoprotein standard on SDE-PAGE, excised the region
of ~13-30 kDa and digested the proteins using trypsin, followed by mxSIM analysiz. This resulted in a
measured Rabl(-pThe73 cccupancy of 70.8 = 1.0%, in almost perfect agreement with the occupancy
cbtained by the anti-HA immuncprecipitation appreach (Figuwee 2B-C). Finally, we wuvsed SIL
phosphorylated and non-phosphorylated peptides for deriving the Rab10-Thr73 phesphesite occupancy and
again found that 69.7 = 1.3% of the protein was phosphorylated in the same cell Iysate; again an almost
identical occupancy value as the one obtained from spike-in of the SIL phosphoprotein (Figure 2C). We
therefore decided to combine gel-separation, SIL peptide spike-in and the peptide-centric calculation
method. With these tools in hand, we extended our in-gel digestion workflow to endogencus Rab10-pThe 73
cccupancy determination. We found that 38.0 = 0.9% of the protein was phosphorylated in LTRRE2-
Y1699C tranzfected cells, whereas the treatment with MLi-2 almost completely abolished the phospho-
cccupancy (0.89 = 0.05%) (Figure 2D).

To further benchmark our assay, we incubated recombinant Bab10 {1-173 aa) with LRRE?2 and stopped the
phosphorylation reaction by adding the LEREKZ? inhibitor HG-10-102-01 at defined time intervals. Next, we
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determined the percentages of the phosphorylated Rabl( proteins by intact mass spectrometry and
compared these values to the occupancies obtained uvsing our mxSIM method (Figure S6A-D). This
experiment revealed an excellent correlation between theze methods in two independent experiments with
R of 0.984 and 0.994 (Figure 2E). To specifically test the SIL peptide spike-in part of the approach, we
mixed SIL phosphorylated and non-phosphorylated Rabl0 peptides in 1:9, 1:2.3, 1:1, 2.3:1 and 9:1 ratios
to mimic phosphosite occupancies of 10, 30, 30, 70 and 90%, respectively, and mixed them with our
recombinant Rab10 phosphoprotein. We then derived the Rabl0-pThr73 occupancy based on the heavy-to-
light ratios of both phosphorylated and nen-phosphorylated peptides (Figure 2F). The calculated mean
cocupancy for our recombinant Rabl0 phosphoprotein was 73.3 = 1.3%, for mxSIM and 70% for intact
mass analysis. We also measured the Rabl0-pThr73 occupancy of the same recombinant protein and
cbtained 77.4 = 0.4% for PEM and 77.6 = 0.6% for mxSIM (Figure STA). Finally, we determined the
analytical, the intra- and the inter-azsay variabilities, which vielded excellent coefficients of variations
(CWs) of 1.9%, 8.7% and 13.0%, respectively (Figure 2G). Thiz demonstrates that ouwr mxSIM assay iz

highly accurate and reproduocible.

In-gel digestion combined with mxSIM can detect subtle changes in Rabl0-Thr73 phosphorylation

within cells

Most pathogenic LERE2 mutations, including RI1441C/GH, increase LRREK? kinasze activity and
significantly stimulate Rabl0 protein phosphorylation in mouze and human cells and tissues *° To
determine whether our assay was sufficiently accurate and robust to detect small differences of LRRE?2
activity in cells, we treated WT and LRREKZ? R1441G knock-in mouse embryonic fibroblasts (MEFs) with
increasing concentrations of MLi-2 and determined Rabl0-Thr73 phosphorylation cccupancies (Figure
3A). In parallel, we controlled LREEK? inhibitor efficacy by immunoblotting and probing for Rabl0-pThr73
(Figure 3B). Compared to WT, in which the Rabl0-pThr73 occupancy wasz 12.1 = 0.6%, we found a 2.45-
fold increaze in B1441G (29.7 = 0.9%) (Figure 3C). Rabl0-pThr73 cccupancy already decreased by 1.5-
fold (18.8 = 1.5%) upon treatment with 1 ol of MLi-2 and by almest 2-fold (15.4 = 0.7%) with 3 ol of
the inhibiter (Figure 3B-C). The corresponding Rabl0-pThe73 immuncblot signals alse showed some

decrease, however, reliable and precise quantification of these bands was difficult.

We reasoned that our data should also allow determination Rabl(-pThe73 IC.; of MLi-2 directly from the
cccupancies. We extracted a value of 3 aM, well within the 3-10 nM range estimated by our previous phos-
tag Rab10 analysis (Figure 3D) Y. Together, our results establish that our assay can reliably detect very

small differences in phosphorylation occupancy in cultured cells.
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We next addreszed our main objective: to determine whether our assay i1s suitable and sufficiently sensitive
for quantifying the percentage of Rabl0-pThr73 in human peripheral blood. To this end, we isolated
neutrophils from five healthy volunteers. Upon treatment with either 30 oM or 100 M of MLi-2, we found
a decreaze in Rabl0-pThe73 by immuncblotting (Figure 3E). Judged by thiz, the level of phosphorylated
Rabll protein was very low in all individuals. Applying our workflow in the manner described above,
showed that the median occupancy was 2.3 = 0.2% in DMSO-treated cells and that it decreased to 1.3 =
0.1% after 30 nMM and to 0.6 = 0.1% after 100 oM MLi-2 treatment (Figure 3F). These occupancies
correspond to 225 500 = 13,500 (DMSO), 115,270 = 6,190 (30 oM ML1-2) and 60,160 = 4,600 {100 nM
MLi-2) phosphorylated Rabl0 molecules per cells (Table 53) We independently confirmed these results by
PEM (Figure 57B).

Intriguingly, the residual RablO-pThe73 signal after MLi-2 treatment suggested that a kinase other than
LREE? acts on this site. This finding raises interesting questions about the diseaze mechanism but in our
current context, it presents a source of variability. To account for this, we corrected the occupancies of each
uatreated sample by subtracting the corresponding baseline occupancy (after MLi-2-treatment). This better
separated dizeaze phenotypes in clinical cohorts (Figure 3F). Finally, we measured a MLi-2? dose-response
curve (1-100 o) vsing nevtrophils from two donors and determined their cocupancy based-ICs values.
Theze were very similar in both donors (2.4 aM and 3 nM), further demonstrating the high reproducibility

of our method even in vive (Fig 3G and H).

PD patients have increased Rabl0-Thr73 phosphorylation stoichiometry

The frequency of the LRRE2 G20195 mutation iz 1% in patients with sporadic PD and 4% in hereditary
PD patients with up to 30-40% in certain populations such as Ashkenazi Jews and North African Berbers
*. To investigate the central question of whether cur aszay can stratify PD patients with elevated LRRE?2
activity in clinical trials, we analyzed Rabl0-pThr73 levels in neutrophils of four LERE2-G20198 carriers
with PD, together with an equal number of healthy contrels in a blinded experimental setup (see
Experimental Procedure, Table 34). Each neutrophil population was treated with DM30 or 100 sl MLi-
2 and all zamples were subjected to quantitative immunoblot analysis for Rabl0-pThe73 levels, revealing
a clear reduction in Rabl( phosphorylation uvpon LERK? inhibition (Figure 4A). LREK2-pSer?35 levels
were also meonitored by immuncoblot analysiz in the lyzates to confirm the efficacy of MLi-2 treatment.
Total Rabl0 levels did not differ between the various genotypes (Figure 4A). We quantified Rabl(
phospherylation by normalizing it with either total Rabl0 or GAPDH (Figure 4B). Although the data show
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that Rabl0-pThr73 levels are slightly increased in G20198 carriers when normalized with GAPDH, the
chserved differences did not reach statistical significance (Figure 4B). The median occcupancy of
normalized Rabl0-pThr73 was 1.8 = 0.3% in healthy controls and increased by almost 2-fold (3.36 = 0.4%)
in G20195 carriers (Figure 4C-D). In MLi-2 treated zamples, the occupancy decreased 3-fold on average
for both groups. Deszpite a good correlation between the two measurements (B = 0.59), MS-bazed

quantification was better at separating controls from G20198 carriers (p= 0.019) (Figure 4E).

Our previcus work demonstrated that VPS33 controled LERK? activity and that the DE20N substitution
rezulted in increased LRRKD activity as aszeszed by monitoring phospho-Rabs levels . To test if our assay
can determine LRRK? activity in PD patients with the VP53 3 D620N mutation, we measured Rabl0-Thr73
phosphorylation cccupancies in neutrophils isolated from three heterozygous patients, as well as three age-
matched idicpathic PD patients and three non-PD controls (see Experimental Procedore, Table 54). We
treated the neutrophils from each subject with either DM3O or 200 nM MLi-2 before cell lyzis. In
accordance with ocur previcus work, immunoblot analysis revealed significantly elevated Rabl0-pThr73
levels in VP333 DE20N patients (Figure 4F-G). The median occcupancies were 0.6 = 0.1%, 0.8 = 0.1% and
1.9 = 0.5% in healthy controls, idiopathic and heterozygous VP335 D620N patients, respectively, and
decreazed §.9-fold on average in MLi-2 treated cells (Figure 4H). Our MS-bazed assay also confirmed
significantly higher levelz of Rabl0-pThr73 levels in VPS335 D620N patients compared to controls and
idiopathic cases and we obersed a very good correlation between the two measurements (B = 0.79) (Figure
41-T). Compared to controls, there was 1.5-fold increase in Rabl0-pThr73 levels in idiopathic PD) with both
assays, however, the coefficient of variation in the control group was 30% with the mxSIM occcupancy

asszay and 51% by immunoblotting (Figure 4G- and 41).

In conclusion, we here determined pRabl0 occupancies in neutrophils of 7 healthy controls and 7 PD
patients with defined mutations (four LREK2 G20195 and three VPS533 D620N). Compared to healthy
controls, neutrophils of mutation carriers with PD robustly displayed a higher fraction of phosphorylated
Rabl0, namely a 2.2-fold increase in pRab10 levels (p-value <0.03) (Figure 4K). These resultz demonstrate
that our assay can accurately ascertain the LEEK? kinaze activity in human derived samples, including its

increase in mutation carriers, and suggest that it can be applied to stratify patients.

DISCUSSION

Here, we have established an accurate and highly-zensitive M3-based assay for determining the percentage

of Blab10-Thr73 phosphorylation in samples collected from PD patients. Using stable-izotope labeled spike-
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in peptides and a differential filling strategy for an Orbitrap analyzer, our range of quantification extended
down to 30 attomoles and we were able to capture phosphorylation differences as small as those characterize
conrtrols and mutation carriers (1.26% to 2.73 in our human neutrophil samples). We confirmed Rab10-
Thae 73 phosphorylation as a direct readout for LERK? activity and specifically applied our aszay to monitor
LRERE2 activity in human neutrophils. We found that these cells contain relatively high levels of both
LREK? and Rabl0 and that their izolation is straightforward, although rapid isolation with minimal
protease activation is important ' As a next step, it will be interesting to investigate whether pRabl0 can
be detected in post-mortem brain tissues or bodily fluids such as cerebrozpinal fluid (C3F) and urine T arge
and readily accessible collections of these bio-fluids could be used to further establish pRabld as a bona-

fide biomarker for PD dizeaze progression.

After careful evalpation of spike-in standard type (SIL phosphoprotein vs peptides) and occcupancy
calculation approach (protein- vs peptide-centric approach), we opted for the peptide-centric approach in
conjuction with the vse of SIL peptides standards. Although spike-in of a labeled protein has the advantage
of avtomatically accounting for the digestion efficiency, addition of labeled peptides makes the occupancy

determination more generally applicable, as labeled peptides can readily be obtained at very high purity.

Furthermore, our aszay utilizes separation of Babl0 by SDS-PAGE, which iz followed by in-gel digestion.
This strategy substantially enriches Rabl0 and allows gquantifying Rab phospherylation with high
sensitivity. When applied to very large cohorts, a limitation of our assay is its limited throughput. To solve
this, the in-gel step in our workflow should be eliminated and as alternative antibodies that recognize both
GDF and GTP bound Rabl0 could be emploved. There are considerable efforts currently being invested
into producing these tools 14, Alternatively, non-hydrolysable GIP analoguees could be used to enrich Rab

proteins before MS analysis.

We determined pRabl0 occupancy in neutrophils of 14 healthy controls, three idiopathic PD patients, four
LREEK2 G20195 and three VP535 D620N mutation carriers with PD. Despite the small number of patients
and the large intragroup variability, the difference between control and PD cases with LREEK2 G20195 and
VP5335 D620N mutations reached statistical significance. Analyzis of larger cohorts and incluzion of patient
samples with higher TRRE2 activity, such as the R1441G/C mutations, should add statistical power and
further establizh pRabl0 cccupancy as a bona-fide marker of LEREKZ activirty in PD. It will be exciting to
investigate whether PD patients with increazed pRabl0 level: would also benefit from LERE?Z inhibitor

treatiment.
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We find that the levels of Rabl0-The73 phosphorylation are stable but very low in human neutrophils. This
iz alzo true for PD-associated LREK2-G20195 mutation carriers where activation of the LREK2 kinase iz
modest while individuals with a VP335 D620N mutation demonstrate much higher Rabl0-The73
phosphorylation, reflecting its much greater catalytic effect on the LREK? kinase. Our results show that
changesz in pRabl0 can be vsed az direct read-out for LREK? activity and the very low percentage of
pEabll that we observe ex vive may explain the age-dependent, incomplete penetrance of the LRRE2
G20195 mutation. It will be interesting to compare pRabl( percentages of matched dizease-manifesting

and nen-manifesting LREK2 G20195 mutation carriers at younger and older ages.

Our resultz could explain how minimal changes in the total pool of a phosphorylated protein could trigger
pathogenesis. Stratification for Rabl0-pThe73 levels in idiopathic and mutation carrying PD patients may
identify individuals with increased LEBRE?2 kinase activity who would most likely benefit from LRRE2
kinase inhibitor treatment. Furthermore, our mass spectrometric assay is completely generic and not
restricted to a particular disease. It could be applied to study any other kinase-substrate relation in clinical
reazearch. For example, phosphosite occupancies of prominent oncogenic factors could give important
information on how phosphorylation stoichiometry influences tumerigenesis.

&

In summary, our generic and very sensitive MS-based assay accurately measores phosphorylation
stoichiometry of substrates of interest. Presently, it can be used for ongoing clinical LEREK?2 inhibitor
studies, in which the target engagement, dosing and efficacy of the compounds needs to be evaluated, and
we are currently pursuing thiz. We envision that our aszay can also be applied to further investigate the role
of LRRK? in the PD, potentially revealing new upstream players of LERE2 pathway. and determining
whether they have a potential in treating PD.
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Figure 1. Rabl0-pThr73 as a readout for LREK2 activity in human peripheral blood neutrophils.
(A) Workflow for global proteome analysiz of human peripheral blood neutrophils. (B) Proteins ranked
according to their abundances across the global neutrophil protecme. Quartiles are indicated with dashed
lines. LRRE?2 phosphorylated Rab proteins and other PD-associated proteins are highlighted in red and
blue, respectively. (C) Western blot analysiz of neutrophils (~+200 oM MLi-2, 30 min) vsing anti-MIFE-
pRABIO (pThe73), Rabl( total and GAPDH antibodies. (D) Heat map of z-scored phosphopeptide
intensities of LRRE2-phosphorylated Rab proteins from pRab immunoprecipitation of neutrophil lysates
(~+ 200 oM MLi-2, 30 min, 3 technical replicates, n =2). Missing valves are in grey. (E) Targeted MS3-
quantified Eabl10- pI'I:LrT'3 and Rab43-pThr82 peptide intensities in immunoprecipitations of individual
Rabld and Rab43 proteins from neutrophils (-= 200 oM MLi-2, 30 min). P-valvues were assessed vsing
unpaired Student’s t-test analysiz. (F) Limit of detection (LOD) of SIL Rabl0-pThe73 tryptic peptide
(FHpTITTSYYR) with various acquisttion methods; full MS, SIM, mxSIM and PEM. Linear ranges of the
dilution curves were assessed with singlets analyses of the SIL Rabl0-pThe73 phosphopeptide (10 amel to
50 finol, szpiked-in a digest of Hela). (G) Limit of quantification (LOG)) for the Rabl0-pThe73 tryptic
peptide measured in mxSIM mode. 25 fimel of light phosphopeptide was mixed with vanable amouvnts of
itz SIL counterpart (10 amol to 30 finol) and spiked into a background of Hela digest (3 technical
replicates). Median ratios extracted from Skyline were plotted against the expected ratios.
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Figure 2. mx3IM accurately determines Rabl0-Thr73 phosphorylation steichiometry, (A) Heavy-to-
light ratics and the formulas wsed for protein- and peptide-centric approaches. (B) HA-Rab10-pThe73
cocupancy in LRRE2-Y1899C expressing HEK293 cells was determined using the protein- vs peptide-
centric approaches after HA-IP. (C) HA-Babl0-pThe73 cccupancy determined vsing the peptide-centric
approach with either SIL phosphoprotein or SIL peptide standard spike-in after enrichment by anti-Rab10-
IP or SDS-PAGE followed by in-gel digestion in HEK293 cellz expreszsing TRRE2-Y1699C (-~ 200 nhd
MLi-2, 60 min). (D) Endogenous Rabl0-pThr73 occupancy determined using SIL peptide standards in
mock and LREE2-Y1690C expressing HEK293 cells {-/+ 200 oM MLi-2, 60 min). Samples from (B}, (C)
and (D) were analyzed in triplicates using the mxSIM method and the phosphorylation occupancies are
presented as means = SEM. (E) Benchmarking our method uwsing Thr73-phosphorylated ualabeled
recombinant Rabl0 proteins (1-175 aa) as standards. Correlation of the median occupancies determined
either by intact mass analysis or by mxSIM in triplicates for two independent experiments. (F) SIL
phosphorylated and non-phosphorylated Rabl( peptides mixed to mimic 10, 30, 30, 70 and 90%
cccupancies and spiked into the digested recombinant pEabl(0 protein were measured vsing our mxSIM
method in triplicate. The zolid line reprezents the median cccupancy (75.4 £ 1.5%) whereas the dashed line
shows the estimated phosphorylation occupancy of the standard protein (70%) by intact mass analyzis (G)
CVs were calculated by repeating MS meazsurements (analytical), the workflow in the zame gel {intra-azzay)
of in different gels (inter-assay) vsing the same phosphoprotein standard (n=4).
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Figure 3. Reliably determination of Rabl0-pThr73 occupancy in cell lysates. (A) Workflow for the
Rabl0-pThr73 cccupancy aszay. (B) Iimmunoblotting of WT and R1441G knock-in MEFs treated with the
indicated concentrations of MLi-2 for different intervals using monoclonal MIFF-pRAB10 (pThe73) and
GAPDH antibodies. (C) Rabl0-pThr73 cccupancies were determined by mxSIM in the same lysates (n=3).
(D) Dose—response curve of Rabl0-pThr73 occupancy in R1441G knock-in MEFs to generate occopancy
bazed-IC:; values for MLi-2. Each data point represents the median of triplicate measurements in the
samples treated with MLi-2 for 90 min (E) Immunoblotting of neutrophils isolated from healthy individoals
(DMS0O or 30 and 100 oM MLi-2 treated) using monoclonal MIFF-pRABL10 (pThr73) and GAPDH
antibodies. () Babl0-pThr73 occupancies were determined by mxSIM in the same lysates. Normalized
Rabl0- pThr73 occupancies by subtracting the MLi-2 treated values are shown in red. (G) Immuncoblotting
of the neuvtrophils isclated from healthy individuals and treated with the indicated concentrations of MLi-2
using monoclonal MIFF-pRAB10 (pThr73) and GAPDH antibodies. (H) Individual-specific dose—response
curves to generate occupancy bazed-ICs for MLi-2. Error bars represent SEM.
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Figure 4. Rabl0-pThr73 occupancy in PD patient-derived neuntrophils. (4) Immuncblotting of
nevtrophils isolated from four PD patients with the G20195 LRRE? mutation and four healthy controls (-
100 oM MLi-2, 30 min) using anti total LERE?, pSer®33 LERE?, total Rabl0, MIFF-pRAB10 (pThr73)
and GAPDH antibodies. (B) Quantitation of immunoblots by analysing phospho-The73 Rab10/total Bab10
ratio (right) and phospho-Thr73 Rabl0/GAPDH ratio ratio (left panel). (C) Blind application of our mxSIM
aszay to the same mock (black) and MLi2-treated (grey) lysates (n=3). Nommalized Rabl0- pThe73
occcupancies by subtracting the MLi-2 treated values are also shown (red). Error bars represent SEM. (D)
Quantification of Rabl0-pThe73 occupancy in controls and PD patients with the G20195 LEREEK2 mutation.
Each data point represents the median of triplicate measurements of vatreated samples that are normalized
to MLi2. One-way ANOVA with Bonferroni's multiple comparisons test was applied and the cccupancies
are presented as meansz = SEM. (E) Pearson correlation between immunoblotting and mxSIM assay. Plotted
are fold changes of normalized Rab10-pThr73 levels (occupancies in mxSIM) relative to control cases. (F)
Immunoblotting of neutrophils isolated from controls, idiopathic PD patients and heterogenecus VPS35
D620 mutation carriers (-+ 200 oM MLi-2, 30 min) using anti total LREE2, pSer933 LEREK2, total
Rabld, MIFF-pRAB10 {pThr73) and GAPDH antibodies. (G) Quantitation of immunoblots by analyzing
phospho-The73 Rabl0/total Rabl0 ratio (right) and phospho-The73 Rabl/GAPDH ratio (left panel). (H)
Blind application of our assay to the same mock (black) and MLi2-treated (grey) lysates (n=3). Normalized
Rabl0- pThr73 occcupancies by subtracting the MLi-2 treated values are shown in red. Error bars represent
SEM. (I) Quantification of Rabl0-pThe73 occcupancy in controls, idiopathic PD and PD patients with
heterogenecus VEPS33 D620N mutation. The significant analysis was done as in (D). (J) Same az (E) with
healty controls (HC), idiopathic PD (iPD) and VPS33 D620 (VPS3335). (K) Quantification of Rabl0-
pThe73 occcupancy between controls, idiopathic cases and PD patients with a defined mutation. The
significant analysiz was done az in (D).
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Ubiquitin or Ubiquitin-like modification

3.2. Ubiquitin or Ubiquitin-like modification

3.2.1. Data-independent acquisition method for ubiquitinome analysis

reveals regulation of circadian biology

Fynn M. Hansen?, Maria C. Tanzer?!, Franziska Briining!?, Isabell Bludau?, Brenda A. Schulman?,
Maria S. Robles2*, Ozge Karayel®" and Matthias Mann'"%
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Protein ubiquitination is a highly versatile post-translational modification regulating a plethora of
complex cellular processes. Dysregulation of components of the ubiquitin system contributes to
a variety of diseases, including cancer and neurodegeneration. To better understand the
biological function of ubiquitination and ubiquitin-related mechanisms in health and disease, it is
crucial to identify the targets of the ubiquitin machinery and to quantify the ubiquitination events.
MS-based proteomics has become the gold standard for the analysis PTM-specific proteomes.
However, the large-scale study of the ubiquitinome remains challenging mostly due to
technological reasons. Data independent acquisition (DIA), especially on the Orbitrap mass
spectrometers, holds great promise in increasing the reproducibility and depth of proteome
analysis. Therefore, in this study, we investigated the power of DIA to improve data completeness
and sensitivity in a single run analysis format. Compared to the DDA method, our optimized DIA
method substantially increased the number diGly peptides quantified in single run MS
measurements (~35,000) while also dramatically improving quantitative accuracy and
reproducibility. Application of our workflow to the well-studied TNF signaling pathway retrieved
the sites described over the years in a single experiment and even identified novel and
biologically meaningful ones. We then analyzed the rhythmic ubiquitinome in a circadian model.
Bioinformatics analysis of cycling sites unexpectedly discovered a high proportion of rhythmically
modified membrane proteins associated with transporter functions opening up an entirely novel
area for chronobiologists to investigate. We believe that our DIA-based diGly workflow will be of
interest to the community to elucidate the complexity of protein ubiquitination in cell signaling and
disease states.
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SUMMARY

Protein ubiguitination is invelved in virtually all cellular processes. Enrichment strategies emploving
antibodies targeting ubiguitin-derived diGly remnants combined with mass spectrometry (MS3) have
enabled investigations of ubigquitin 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. We developed 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 identified 35,000 diGly peptides in single
measurements of proteasome inhibitor-treated cells — double the number and quantitative accuracy
of data dependent acguisition. Applied to TNF-alpha signaling, the workflow comprehensively
captured known sites while adding many novel ones. A first systems-wide investigation of
nhiguitination of the circadian cycle uncovered hundreds of cycling ubiguitination sites and dozens
of cycling ubiguitin clusters within individual membrane protein receptors and transporters,

highlighting novel connections between metabolism and circadian regulation.

EEYWORDS
Ubiquitin, DIA, TNF, circadian clock, ubiquitinome, mass spectrometry, systems biology, post-

tranzlational modifications
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INTRODUCTION

Ubiquitination is a reversible and highly versatile
post-translational moedification (PTM) invelved
in virtvally all cellular processes. A ubiguitin
comyugation  cascade, involving  ubiguitin
activating (E1), conjugating (E2) and ligating
(E3) enzymes, mediates the covalent attachment
of the 76 amine acid long ubiguitin molecule to a
z-amine group of a Iysine residue on a substrate
protein. Its removal iz mediated by an enzyme
family called deubiguitinating enzymes (DUB).
Ubiguitin itself can be ubiguitinated W-terminally
of 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'.
Deregulation of this highly complex process has
been linked tc numercus diseases including
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and inflammatory disorders'™.

Protein uhiguitination iz one of the most widely
studied PTMs in the field of mass spectrometry
(M3)-based proteomics. However, due to low
stoichiometry of ubiguitination and varying
vhiquitin  chain topologies, comprehensive
profiing  of endogencus ubiquitination is
challenging and requires one or more enrichment
steps prior to MS analysis’®. Early reports to
catalog vhiquitin conjugated proteins from yeast
and homan described various enrichment
methods including the use of epitope-tagged
ubiquitin = or ubiguitin-associated domains
(UBAYMY: After trypainization, previously
ubiquitinated or NEDDvlated peptides bear a
signature diGly remnant that can be targeted by a
specific  antibody'*.  Enrichment  strategies
employing such antibodies have enabled
identification of thouzands of ubiquitination sites
by M3 A recently described antibody targets
a longer remnant generated by LysC digestion to
exclude ubiguitin-like modifications such as
NEDDS or ISG15E, however, the contribution of
diGly  sitez  derived from  ubiquitin-like
modifications iz very low (< §%)1°.

The commercialization of such antibodies has
accelerated MS5-bazed uvbiquitinome analysis and
enabled a wvariety of guantitative, systems-wide
studies’™ . However, large-scale analysiz of
ubiquitination events to study lkey signaling
components remains challenging since in-depth
diGly proteome coverage requires relatively large
zample  amounts and  extensive  peptide
fractionation. These requirements, which largely
stemn from  the low stoichiometry of the
modification, come at the expense of throughput,
robustness and quantitative accuracy.

Thus far, vbiquitinome studies have emploved
data-dependent acquizition (DDA} methods
combined with label-free or isotope-based
guantification®. Recently, Data Independent
Acquisition (DIA) haz become a compelling
alternative to DDA for protecimics analysis with
greater data completeness acrosz samples®™=% In
comtrast to intensity-bazed precursor picking of
DDA, DIA fragments all co-eluting peptide ions
within predefined masz-to-charge {(m/%) windows
and acquires them simultanecusly™®. Thiz leadsz to
more precise and accurate quantification with
fewer missing values across samples and higher
identification rates over a larger dynamic rangs.
DIA usvally reguires a comprehensive spectral
library, from which the peptides are matched into
single run MS  analyses. Recently, superior
performance of DIA  for senmsitive and
reproducible MS measurements has also been
demonstrated for global protein phosphorylation
analysis’”. Given the central importance of
ubigquitination, we here set ocut to investigate the
power of DIA for improving data completeness
and sensitivity i1 a single run analysis format.

For zensitive and reproducible analyziz of the
ubiquitin-modified proteome, we devized a
workflow combining diGly antibody-based
enrichment with a DIA method tailored to the
unique properties of the library peptidez and to
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the linear quadrupole Orbitrap mass analyzer. We
acquired extensive spectral librariez that all
together contain more than 90,000 diGly peptides
allowing wvs to reproducibly analyvze 33,000
distinet diGly peptides in a single measurement
of proteasome inhibitor-treated cells. The DIA-
bazed diGly workflow markedly improved the
number and guantitative accuracy compared to
DDA. To investigate if our new method would
have advantages in the exploration of biological
sighaling systems, we first applied it to the well-
stodied TNF-zignaling pathway, where it
retrieved known ubiquitination events and
uncovered novel ones. We then extended it to the
analysis of circadian post-translational dynamics,
so far poorly studied globally with regards to
ubiquitination. Thiz uvncovered a remarkable
extent and diversity of ubiquitination events.
Theze include closely szpaced clusters with the
same circadian phase, which are likely pointing
to novel mechanisms. Together, our design and
resultz establish a zensitive and accurate DIA-
bazed workflow suitable for investigations of
ubiquitin signaling at a systems-wide scale.

RESULTS

DIA guantification 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 zingle szhot DIA analysis, we ftreated two
human cell lines (HEK293 and U208) with a
common proteasome inhibitor (10 phd MG132,
4 h). After extraction and digestion of proteins,
we zeparated peptides by basic reversed-phaze
(bRP) chromatography into 96 fractions, which
were concatenated into £ fractions (Methods,
Supplementary Fig. la). Here, we isclated
fractions containing the highly abundant K48-
linked uvbiquitin-chain derived diGly peptide
(E43-peptide) and processed them separately to
reduce excess amount: of Kd4Z-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 thisto be a
particular  issue for MGI32  treatment, as
blockage of the proteasome activity forther
increases Kd4S-peptide abundance in  these
samples. The resulting 9 pooled fractions were
enriched for diGly peptides, which were
separately analyzed using a DDA method
{(PTMScan Ubiquitin Femnant Motif (K-2-GG)
Kit, C5T) (Fig. 1a and Supplementary Fig. 1a-
b). This identified more than 67,000 and 33,000
diGly peptides in MG132 treated HEK293 and
U205 cell  lines, respectively  (Fig. 1b).
Furthermore, to fully cover diGly peptides of an
unperturbed system, we also generated a third
library wsing the same workflow but with
untreated U208 cells (used later for biclogical
applications). This added a further 6,000 distinct
diGly peptides (Fig. 1b). In total, we obtained
89,650 diGly sites corresponding to 93,684
unique diGly peptides, 43,338 of which were
detected in at least two libraries (Fig. e, zee also
source data at PRIDE: PXD019854). To owr
knowledge, this represents the deepest diGly
proteome  to  date.  According to  the
PhosphositePlus databaze™ | 37% of the identified
diGly sitez were not reported before and 7.3% of
them were previously found to be acetylated or
methylated, indicating that different PTMs: can
act on the same sites.

In possession of these large diGly spectral
libraries, we evaluated DIA method settings for
best performance in  single shot diGly
experiments (Supplementary Table 1). Impeded
cleavage C-terminal to modified byzine 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. Thiz increazed the number of identified
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diGly peptides by 6% (Supplementary Fig. 2a-
b). WNext, we tested different window numbers
and fragment scan resolution settings, to strike an
cptimal balance between data quality and a eyele

time that sufficiently samples  eluting

chrematographic peaks. We found that a methed
with relatively high MS2 resolution of 30,000 and
46 precursor izolation windows performed best
(13% improvement compared to the standard full
method

protecme that we started with)

{Supplementary Fig. 1c). Furthermore, we
determined the optimal antibody and peptide
input combination to maximize peptide yield and
depth of coverage in single DIA experiments. To
mimic endogencus cellular levels, we uvsed
peptide input from cells not treated with MG132.
From titration experiments, enrichment from
1 mg of peptide material using 1/3% of an anti-
diGly antibody vial (31.23 pg) turned out to be

optimal  (Methods and  Supplementary
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Fig. 1 In-depth diGly proteomics for DIA identification.
a Experimental workflow for in-depth diGly peptide library construction (upper pansl) and our single run DIA-based

werkflow (lower panel). Protein digestion and peptide

extraction are followed by bRP fractionation and diGly peptide

enrichment. For library construction, samples were measured by DDA and computationally processed (Spectronaut
Pulsar). Individual samples are measured by our DIA workflow, mx:lw:ll.ng matching against 2 library for identification

(Spectronaut zoftware). b Number of identified diGly

peptldas in three different spectral libraries. ¢ Commeonly and

excluzively identified diGly peptides for different libraries. d Number of identified diGly sites (= SEM) of three

workflow replicates of MG132 treated HEK293 cells
search strategies.

meazured i anzlviical duplicates using different DIA library
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Fig. 2d,e). With the improved senstivity by DIA,
only 25% of the total enriched material needed to
be injectad (Supplementary Fig. 2f).

Uszing our optimized DIA-based workdflow, we
identified a remarkable 33,330 = 1,481 distinct
diGly sites in single meazwrements of MG132
treated HEK 293 zamples. Thiz implies that about
half of the sites in the deep, cell line specific
spectral library were matched into the single runs.
Interestingly, even without using any library, a
gearch of six single runs identified 26 800 = 145
diGly sites (direct DIA, Methods). Finally,
employing a hybrid spectral library - generated
by merging the DDA library with a direct-DIA
search - resulted in 34,733 = 1,670 diGly sites in
the zame zamples (Fig. 1d, Supplementary
Table 2). Compared to recent reports in the
literature™, these numbers double diGly peptide
identifications in a single run format.

DIA improves diGly proteome guantification
accuracy

To evaluate the reproducibility of the entire DIA-
bazed diGly workflow, we vzed MG132 treated
HEK293 cells and performed three independent
diGly peptide enrichments followed by DIA
analysiz in doplicates. Thiz identified arcund
36,000 distinct diGly peptides in all replicates. 43
and 77% of which had coefficients of variations
CWz below 20 and 50%. respectively (Fig. 2a-h,
Supplementary Table 3). In contrast, a DDA
method identified substantially fewer distinct
diGly peptides and a smaller percentage with
good CVs (16,000 sites: 15% with CVs < 20%;
Fig. 2a-b). Owerall, the zix DIA experiments
vielded almost 45,000 distinct diGly peptides,
while the corresponding DDA  experiments
resulted in 19000 attes.

To further investigate the gquantitative precision
and accuracy of our method, we turned to
ubiquitin-chain linkage derived diGly peptides.
Theze are the most abundant diGly peptides, all

ranking in the top 20 by abundance and spanning
three orders of magnifude in M3 signal
{(Supplementary Fig.2g). Diverze chain
linkages confer various functions to proteins;
hence, accurate gquantification iz important to
decode the cellular roles of different ubigquitin
linkage types. We performed a dilution series of
a diGly zample and analyzed each dilution
zample vsing both DIA and DDA methods in
triplicates. Linear regression resulted in excellent
correlations with B values higher than 0.99 for
all six chain peptides azzezzed, much higher than
the corresponding values for DDA (R 0.93-0.99;
Fig. 2c, Supplementary Table 3). Importantly
for quantification purposes, the experimentally
obzerved slope for DIA was much closerto 1 than
for DDA

Together, theze analvtical results establizh that
the DIA-based worlflow substantially increased
the number of diGly peptides identified while
markedly improving the precizion and accuracy
of gquantification compared to a DDA-based
workflow.

In-depth ubiguitinome analysis of the TNF
signaling pathway

The pro-inflammatery properties of TINE are
heavily regulated by dynamic ubiquitination of its
receptor-signaling complex (RSC)™* and global
ubiquitnome changes upon TINF stimulation were
described previously in a proteomics study®.
Encouraged by the technical capabilities of our
DIA-bazed 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 ubiguitination site
quantification and, if possible, to extend the
corrent knowledge of the TNF regulated
ubigquitnome (Fig. 3a). Applving both DLA- and
DDA-based diGly workflows together guantified
over 10,000 diGly sites in TNF-stimulated T7208
cellz (Fig. 3b, Supplementary Table 4). Beth
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Fig. 2 Accurate and reproducible diGly proteomics for DIA guantification

a Number of identified diGly peptides (= D) for DLA (blue, HEK293 hvbrid library) and DDA (red) strategies (three
workflow replicates with each replicate analytical duplicates). Venn diagram depicts the proportion of shared and
exclusively identified diGly sites between DIA and DDA zpproaches. b CV value distribution for DIA and DDA
approaches. Solid and dotted lines dencte median and 1¥ or 3rd quantile, respectively (left axis). Fractions of CV
values (right axis) below 50% and 20% are shown with filled triangles znd filed squares, respectively. ¢ Dilution series
of diGly enriched sample. Plots show simple linear regression fits of individual whiquitin-chain linkage tvpe peptides
measured in triplicates using DIA (blue) or DDA (red). Dotted black lines indicate the expected 1:1 slope.

methods quantified a comparable number of
ubiquitination sites (10,300 in DIA and 9,500 in
DDA experiment. Fig. 3b). However, the DIA
experiment resulted in 248 significantly
upregulated ubiguitination =ites (3% FDER,
median fold change 2.3), of which 37 mapped to
23 proteins known to be involved in TNFo/WNF«B
signaling (Fig. 3¢). In stark contrast, the DDA
approach  identified only 38 significant

ubiquitination zites (5% FDR and median fold
change 4.1), of which 15 mapped to 7
TNFoWNEB sighaling proteins. In line with thege
numbers, gene ontology (GO) enrichment
analysiz had lower FDR values and larger group
sizes for terms related to the TNFoNFxB
pathway in the DIA experiment compared to
DDA (Fig. 3d).
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Fig. 3 DIA enables a detailed view of the
TNF regulated ubiquitnome

a Workflow for ubiquitnome analysis in TNF
signaling. b Identified diGly sites (=SD) for
TNF treated (10ng/ul for 10 min) and control
U208 cells in DIA (blue) and DDA (red)
experiments. ¢ Volcano plot of significantly
regulated diGly sites at 3% FDR (lower line)
and 1% (upper line) for DIA and DDA and
overlaps of significantly upregulated diGly
sites for 1% and 3% FDR cutoffs (t-test, 50 =
0.1). d Overrepresentation analysis of gene
ontology biological procesz (GOBP) terms
filtered for 3% corrected FDR (Fizher's Exact
test). e Cytoscape network of proteins with
significantly upregulated diGly sites in DIA
that are associated with NFxB signaling
(GO:0043122; GO:0051092; 3% FDR).
Upregulated diGly sites also captured by DDA
are marked in red (3% FDR).
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Several members of the TNF signaling pathowvay
have been implicated in viral infection and TINE-
receptor blockage increases susceptibility to viral
infection™*®. The “viral processes’ term was
significantly enriched in our DIA analysis, in line
with the literature on imvolvement of TNE-
mediated vbiguitination regulation during wviral
infection. Underscoring the depth of the DIA
analysiz, the szame term failed to reach
significance in the DDA analy:iz (Fig. 3d,
Supplementary Fig. 3). In agreement with
previous studies, both DIA and DDA analyses
revedled increazed vbiquitination of prominent
members of the TNF-ESC, including TRAF2,
RIPK1 and BIRC2¥*¥ (Fig. 3e). DIA allowed the
detection of fuorther ubiguitination events
associated with the TWNFoNF«B signaling
(Fig. 3c). For instance, the death domain (DD) of
RIPE1l mediates interaction with FADD and
TRADD™ and we found K642 in this domain to
be ubiguitinated upon TNFo stimulation
Furthermore, DIA but not DDA established
regulated ubiquitination of all members -
HOIP/ENF31, HOIL-1/'EBECK]1 and Sharpin- of
the LUBAC complex, a critical E3 ligaze
complex in TNF signaling®®*! in agreement with
a previows study that showed LUBAC auto-
ubiquitination during inflammation® (Fig. 3e).
pl03/NFEBI, is a precursor for p50 and inhibitor
of NF«B signaling * and we observed a striking
16-fold upregvlation of K821 in itz DD.
Proteasome mediated limited proteclysis of pl103
during WExB signaling wvields the active p30
subunit*™*" and the strong regulation of the K821
site suggests its involvement in this process.

DIA-based diGly analysis also vneovered TINT-
regulated wbiquitination of numercus proteins
known to be involved in other immune pathways.
For instance, Peli2, an E3 ligaze important for
TLE and IL-1 signaling pathways*® and its
interaction partner TERAFS were vbiguitinated
upon TWE stimulation. We also found that
STATZ2, which mediates zignaling by type I

interferonz*, and USP13, which iz involved in
the antiviral response by devbiguitinating
STING™, were ubiquitinated at K161 and K3218,
respectively. Our results thus suggest further
molecular mechamisms for the crosstalk or cross
priming fonction by TWNF to other immune
pathways during viral and bacterial infections. In
spmmary, ouf DIA-bazed ubigquitin werkflow
provides an in-depth +view on the dynamic
ubiquitination of core and peripheral members of
TWF-stimulation. Apart from validating the
advantages of DIA over DDA, our results provide
novel regulatory vhiguitination sites, conveyving a
more complete picture of the various aspects of
TINFu signaling.

Circadian rhythm is globally regulated by
ubiguitination

In mammals, circadian clocks are driven by
interlocked transcription-translaticn  feedback-
loops. At the cellular and tissue level, they
regulate oscillations of gene expression, protein
abundance and post-translation modifications™
**_ Ubiquitination plays a pivotal role in the core
clock machinery (reviewed in™"), exemplified by
the ubiguitin-dependent spatiotemporal
regulation of CRY proteinz, the major negative
clock regulators . Focnsed studies  have
provided insights inte several ubiguitin-
dependent events modulating core clock proteins
and their effects™® Given the unexpected
degree of phosphorvlation-mediated signaling
temporally regulated in vive™, we wondered if
vbiquitination shows similar oscillations. With
the high accuracy and reproducibility of our DIA-
based diGly workflow, we reazoned that it would
now be possible to obtain high coverage
ubiguitinome guantification acroess a large time
zeries sample set to answer this question.

To this end, we measured the proteome and
vbiguitinome of syvnchronized U208 cells - a
well-established model to study the cell
autonomous circadian clock - collected every
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4hours in biclogical gquadruplicates across
32 howrs  (Fig. 4a).  Synchronization  was
validated by assessing the expression prolife of
core cleck transcripts (Small and Perl) and
further confirmed by PER1 and CLOCK
oscillations in o protecime data
(Supplementary Fig. 5a-b). After filtering for
uhigquitinated peptides present in at least half the
samples, we obtained 10,286 vbiquitination sites
mapping  to 3,238 (Fig. 4h,
Supplementary Table 5). Meazurements were
highly reproducible with median Pearson

proteins

coefficients greater than 0.93 for biclogical
replicates {Supplementary Fig. 5b-c). A total of
7,590 proteins were quantified in the protecme,
of which at most 143 oscillated {g-value < 0.33).
Thiz small percentage of circadian regulation at
the proteome level is in line with ocur previcus
proteomics  results in tisswes™  and  with
transcriptomics results in this cellular system™.
WNext, we normalized the intensities of the diGly
peptides encompaszing each ubiquitination site to
their corresponding protein abundance. The
rezulting  guantitative values represent the
cecupancy of the ubiguitin zites irrespective of
changes i protein  abundance (Methods,
Supplementary Fig. 5d).

Periodicity analyziz showed that 3% of the
vbigquitination =zites on 18% of the proteins
oscillated in a circadian manner (836 sites; 390
proteins, Methods, g-value <0.1, Fig. 4¢ and
Supplementary Fig. 5e). A large proportion of
thythmic sites peaked with phazes clustered
arounnd 16-20 hours after synchronization
(Fig. 4c, Supplementary Fig. Se). Bemarkably,
59% of these were annotated to be in membrane
proteins, many more than expected by chance
(p= 10172 Supplementary Table 5).
Owerrepresentation analysis revealed that these
protein: are predominantly involved in transport
of 2 small molecules, such a: ions, amines and
organic acids (Fig. 4d). Theze findings pointto a

potential metabolic fonction of circadian
membrane protein ubiquitination.

A full quarter of thythmic ubiquitinated proteins
harbored more than one oscillating site (150 zites;
Fig. 4e). To investigate the spatial arrangement
of them, we developed a bicinformatic proximity
analysis tool (avatlable as part of our website for
browwsing and analyzing the cellular ubiguitinome
hitp://cyclingubi biochem mpg.de). In 17% of
proteins thythmic ubiquitination sites were closzer
together than expected by chance (p < 0.03) and
73% were annotated as membrane proteins.
Interestingly these adjacent sites were mostly
located in regions with potential regulatory
function, such as N- and C-termini, cytosclic
loops and interaction domains (Table 1). For
mztance, K4, K30 and K37 of the sodium
independent  cystine-glutamate  transporter
{SLCTAILL, 501 aa) are rhythmically
ubiguitinated with similar phases (13.8; 13.5;
131 h, respectively, Fig. 4f). Likewise, the
potazzivm  chloride  symporter NECCI1
{SLC12A2) has a closter of eight thythmically
ubiquitinated sites in its C-terminal domain with
similar phazes (K948, K938, K966, K971, K976,
K923, K991, K992; Supplementary Fig. 5f).
This widely expreszed solute carrier plays a key
role in the regulation of ionic balance and cell
volume™. We also discovered novel oscillating
ubiquitin medifications in the MAGE domain of
MAGEDI1, a protein that directly interacts with
the core clock protein RORa, to regulate Bmall,
Rev-erbo and Edbpd gene expression (Fig. 4g).
Interestingly, despite these rhythmic outputs
neither the Maged! transcript, protein expression
nor itz binding to RORa ozcillates™. Our results
now suggest that MAGED] activity could instead
be rhythmically controlled post-translationally
through the multiple ubiquitinations in its MAGE
domain.

Together, this first in-depth view of the circadian
ubiguitinome, made possible by our DIA-based
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diGly workflow, reveals this PTM to be a major
rhythmic
cellular

regolatory  mechanism  driving

proceszes, which include  essential
processes such as lon transport and osmotic

halance.
DISCUSSION

We here developed a sensitive and robust DIA-
based workflow, capable of identifying 35,000
diGly peptides in single muin measurements. Both
the depth of coverage and the quantitative
accuracy are unprecedented and are doubled
compared  to identical DDA
experiments. Importantly the workflow requires
no extra labeling step or offline fractionation,

otherwize

making it streamlined and easy to inplement.
Furthermore, it could be vsed for quantification
of other

enrichment

PTM=z relying on antibody-based

such as lysine acetvlation and
tyrosine phosphorylation. A current limitation of
the DIA method i3 that, like for any DIA-based
analysiz, incloding phosphoprotecme  analysis
330 the hest coverage and quantification is
chtained with project-specific
spectral libraries. Construction of such spectral-
requires effort, specialized
equipment for fractionation and may not always

ke possible for samples with low amounts such as

custom-made,

libraries S0MME

primary cells. Library-free approaches would
greathy aid to simplify DIA workflows in the
future and there are considerable efforts currently
being invested into producing prediction tools for
WSS spectra and retention time™.

Compared to single run TMT -bazed workflows,
DIA suffers from lower throughput. However, the
latest advances in  nanoflow  liguid
chromatography now increasingly allow rapid,
robust and deep DIA-bazed proteome and
phosphoproteome  profiling, likely
applicable to DIA-based vhiquitinome analysis as
well. Furthermore, the LC MS/MS analysis of our

workflow requires cnly a few hondred pug and it

which is

10

already enables the analysis of systems such as
human primary cell colture models where protein
material 13 limited. However, forther sensitivity
advances are limited by the initial antibody-baszed
enrichment, which currently requires 0.5-1 mg of
zample. If thiz step could be scaled down and the
subsequent peptide  purification
altogether, zample zize requirements could
become much smaller vet. A workflow without a
peptide-clean-up step would alzo aid to forther

eliminated

improve throughput and reproducibility, making
the entire workflow meore streamlined.

By converting from a DDA to a DIA workflow
we demeonstrate a dramatic increase in the
that
significantly be quantified.
Given the inherent sensitivity of our single run

number of ubiguitination  sites can

consistently and

approach allowing system-wide investigations of
ubiguitination dynamics of biclogical processes,
we applied it to TNF signaling. This provided an
in depth view on the ubiquitination dynamics of
TNF =zignaling, covering core and peripheral
signaling members, which a parallel DDA
analysis failed to provide. Apart from validating
advantages of DIA over DDA, our results show
that, like phosphorvlation, ubiguitination
signaling events are rapidly induced after TINE
stimulation. Unexpectedly, we still pinpointed
novel TNF-regulated sites on proteins that were
not previously described in this well-stodied
pathway. The rich resource provided here could
be further explored to investigate the functions of
theze ubiguitination events in TNFo signaling in
health and dizease.

System-wide circadian protecmics studies have
30 far been limited to the dynamic regulation of
protein and phosphorylation levels — largely for
technclogical reasons. Our in-depth guantitative
diGly analysis of the cell autonomous circadian
clock now extends these studies by providing the
first cell intrinsic circadian map of ubiguitination
dynamics. Quantifying more than 10,000 vnique
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ubiquitination sites in synchronized U208 cells,
a standard cellular model of the circadian rhythm,
revealed that 8% of them - located on 15% of the
quantified vbiquitinated proteins - oscillated 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
fonctions.

Our data reveal wide-spread vbiquitination of
membrane proteins, transporters and receptors,
proteins that regolate major cellular processes
such az cell volume, ion balance and osmotic
homeostasiz. Intriguingly, often these cycling
ubiquitinaticn sites on membrane proteins are not
randomly distributed over the protein sequence
but rather cluster in certain regions such as the -
and C-terminus. Circadian rhythms in Mg2+ and
E+ cellular level: and their transport have been
reported in a range of eukarvotic cell types
suggesting an evolutionary conservation of this
mechanism. Meoreover, K+ tranzport is a key
mechanism  driving
oecillations in the mammalian master clock and
63,54

electrical  excitability

Drozophila neuwrons and in turn, plasma
membrane potential feeds back to the cellular
clock *% Despite their fundamental cellular
role, little iz known about the regulatory
mechanisms controlling rhythms of 1on levelz and
size in cellz ¥% Our system-level data suggest
that ubiguitination plays a major role in the
thythmic 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 their  daily
electrophysiological rhythm after proteasome
treatment®’.

cellz loze

We speculate that ubiquitin-dependent temporal
regulation of transporter fonction for various
substrates (e.g.  sodivm/phosphate/chloride -

SLC20A1/SLC20A2, monocarboxylates -

11

SLC16Al,  Sodivm/Potazziom -  ATP1AIL
various amuno acids - SLC3AZ SLCTAS,
SLCTALL, and organic anions - ABCC3) and
other receptors (e.g. TGFBR2 or PLENB2) may
zerve as temporal cellular switches to zense and
respond to daily changes in autrient availability.
Interestingly, in our recent phosphoprotecmics
study of the synaptic compartment we chserved
that many of the vbiquitination-related proteins
had rhythmic phosphorylation Thizs
zpggests an interplay between post-translational
modifications that together could fine tune daily

veles of membrane-mediated processes essential
for proper cellular and tissue metabolizm. Given
the transporters  in
chronopharmacology70-72, ubiquitin-dependent

sites®.

central role of

dynamic regulation of specific membrane
transporters are an important functional aspect to
conzsider for drug admindstration and patient
health, both key goals of chronotherapy. The data
of our rhythmic uvbiguitinome analysis is
accessible at http:/evclingubi biochem mpz.de,
for mechanistic

opening up New avenues

investigations.
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Fig. 4 Quantification of the rhythmic ubiguitinome

a Experimental workflow for rhythmic ubiquitinome analysis. b Proportion of oscillating ublqmtnatcun sltes
(g-value < 0.1} quantified in = 30% of all samples (left panel) and proteins with cveling ubiquitin sites (g-value < 0.1)
(right panel) ¢ Rose plots indicate phase peaks for cveling ubiquitination sites (left panel) and protemns (right panel).
d Overrepresentation analyzis of gene ontology biclogical processes (GOEFP) filtered for top 10 migmficant terms.
Significance is determined by 3% corrected FDE (Fisher's Exact test). e Proportions of proteins with 2 single and
multiple cycling ubiquitination sites (left panel) and those displaving cyecling diGly zite clusters (right panel).
Examples of proximity analyvsiz of cycling wbiquitin clusters (hitp:/cyelingubi biochem. mpg.de). Cycling sites
(g-value = 0.1) (top) and their location in the protein sequence zlong with the domain znnotation {m]ddle]l and
proximity score (average distance, p-value < 0.1) (bottom) for SLCT A1l fand MAGEDI g

Tahble 1 Ubiguitination clusters with potential regulatory circadian functions
Proteins with multiple cyeling ubiquitination sites (g-value < (1) in close proximity to each other (p-value < 0.05).
Membrane protein annotation by Gene Omtolegy Cellular Compartment (GOCC) term “membrane™ and
region'domain claszifications are derived from UniProt and manual annotation.

Proximitv cveling Membrane

Gene name UniprotID Score | ubiquitinationsites | (GOCC) | Tegion/Domain
SLCTAS (LATL) Q01650 0.0015 K19, K23, K30 x M- ferminus
SLCI6AL (MCT1) P53083 00036 | K216 K223, K224 x cvtosolic loop

LAYN QEUXI15 00064 | K2 1-%‘311- K297,
EPBAILS QOHCME 0.0073 K508, K510 x
oo - Mryvozin motor,
MYHO P35570 0.0070 | K301 K760, x interaction with
- LIMCHI
RTN4 (NOGO) FSWo14 00094 | K327,K332, K336 x Reticulon, C-
| termimus

ABHDITB Q5VST6 0.0098 K206, K207 X
SLC3A2 (MDUL) F3GZS6 0.0153 Kil4 K116 x
SLCTAIL (xCT) QIUPYS 00161 | K4,K30.K37 x N-terminus

PCNP QEWW12 0.0182 K94, K96
SCRIB (LAPI) | AOAOGZINZZ | 00184 | K33 K63 x N-terminus
PLXNBE2 013031 0.0189 K1743. K1757 T terminns
TOMI 0607842 0.0200 K443, K446 x C terminns
VLDLR POg153 00220 |  K828,K830 x C terminns
HIAFY 073367 0.0240 K292, K295 Macro
SLC20A1 - | K286, K320, K394, .
(GLVR1. PIT1) QWD 0.0262 K300 K456 x cytosolic loop
KSR1 ADADAOMQWI | 0.0284 K2 K101 x
HAS2 Qo810 0.0311 73, K80
| SMARCDZ BOEGA3 0.0318 | K200,K207
TAXIBP1 (T6BP) |  Q86VP1-2 0.032 K561 K571

SLC20A2 e . o e .
(GLVR2, PIT2) Q08357 0.0394 K262 K272 x cytosolic loop

HSPY0AB1 . | - - Interaction with

k= POs23 0.0411 K568, K577 x e

K237, K948, K958,
SLC12A2 . .. | K966 K971, K976,
(NKCC1) G3XALD 00420 | gog3 Kool K992, x SLCL
K1125

PCDHBS QUT3EA 00426 |  KI6,Ki8d x -
PPAPZE (LPP3) 014493 0.0435 K8. K15 x N-terminus

SCAMPI AOAOSTWXBO | 0.0463 K63. K71 x N-terminus

13
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METHODS

Cell culture, treatment, harvest and lysis

HEE293 (human DMSZ, ACC 635) and U208
(human, American Type Culture Collection
[ATCC]. HTE-948) cell were cultivated in DMEM
{Gibco, Invitrogen) supplemented with 10% fetal
bovine semum (Gibco, Invitrogen), 100 U/ml
penicillin  {Gibeo, Invitrogen) and 100 ug/ml
streptomycin (Gibco, Invitrogen) at 37°C in a
humidified incubator with a 5% CO: atmosphere.
For cell harvest, cells were washed twice with
ice-cold PBS (Gibco, Invitrogen), centrifoged,
snap frozen in liquid nitrogen and stored at -80°C
uatil lysis. Frozen cell pellets were Iysed by
buffer (1% SDC in 100 mM
pH 8.5) directly onto frozen cell

adding  lysis
TrizHCI,
pellets, followed by repeated aspiration and
boiling for 5 min at 85°C.

For proteasome inhibition, HEEK293 or U205
cells: were ftreated -with 10pM MGI132
{InvivoGen) at approximately 50% confluence
for 4 b and suecessively harvested. For circadian
cycle experiments, cells were synchronized,
when they reached at least 90% confluence, with
dexamethazone (1 pM) for 1 h. Following this,
U205 were washed once with PBS and the
medium was replaced. The first time point was
collected after 24 hours of synchronization
continuing the collection every 4 hours across 32
howrs for each of the 4 Wiclogical replicates.
Collected cells, stored and lysed as deseribed. For
TWF stimulation of T205 cells,
cultures were either stimulated with 100 ng/ml
TNF for 10 minutes or left unstimulated. Cells
were washed 3 xwith ice-cold PBS, directly lysed
with lysiz buffer and boiled for 3 min at 95°C.

confluent

Western blot analysis

U208 cellz were plated in 6 well plates and when
confluent stimulated for 5, 10, 15, 30, 60 minutes
with 100 ng/ml TNF or left vantreated. After
stimulation, cells were washed in PBS and lysed
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in 4% 3DS in 100 mM TrisHCL, pH 5. Lyzates
were boiled, sonicated and protein concentrations
were estimated vsing BCA. 5DS zample loading
buffer (450mM Trs-HCL pH 8, 60% (vW)
glycerol, 12% ({wf) S5DS, 0.02% (W)
bromophenc] blue, 600 mM DTT) was added to
lysates before separation on 12% Novex Tris-
glycine gels (Thermo Fisher Scientific,
XPO0120BOX). Separated protein: were
tranzferred onto PVDE  membranes (Merck
Millipore, IPVHO01D). Membranes were
blocked in 5% BSA in PBST and antibodies
diluted in 2% BSA in PBST. Antibedies used for
immunoblotting were as follows: anti phospho
pb3 (CST, 3033P), anti p65 (CST, 4764F), anti
IxBa (CST, 92424792), anti phospho p38 (CST,
9215, anti p38 (CST, 9212), anti f-actin (CST,
49700

ENA isolation and QPCR

BNA was isolated from 3 biological replicates of
each U720 time point according to manufacture
instruction using the RNeasy Plus Mini Kit
(QIAGEN, £74134). Isolated EINA was reversely
tranzcribed by veing first-strand cDNA synthesis
kit {Thermo Fisher Scientific, #K1612). QPCR
waz performed at the Cl000 Thermal Cyeler
(Bic-Rad) with iQ™ SYBER Green Supermix
(Bio-Fad, #170-8562) with following primers:

Target | Forward primer Reverse primer

gene

Broall | CEJJAEEEATAY | OOUatgAaccotot
gcocgaat tatcoctg

Perl | ggacactcctgo | gggagtgaggtgg

geccag aagatcoTiEa

Gapdh | agocacategot | goCCAatacgace
CEgacac aaatco

The in-build analysis tool of the CFX Manager
Software (Version 3.1, Bio-Rad) was vsed to
determine the normalized expreszion with the
AACq methed of Bmall and Perl compared to
Gapdh in technical triplicates for all 3 biological
replicates of each time point The technieal

15

triplicates were further averaged and adjusted so
that the highest value was setto 1. Following this,
the average of all biological replicates and the
SEM (standard error of the mean) was calculated
for all the time points.

Protein digestion and peptide cleanup

Lysatez were somicated for 1min (Branzon
Sonifier) and protein concentrations were
estimated by tryptophan assay. After addition of
CAA and TCEP to a final concentration of
10 mM and 40 mb, respectively, samples were
incubated for 3 min at 45°C for protein reduction
and alkylation. Thereafter, Samples
digested overnight at 37°C using  trypsin
(1:100 wiw,  Sigma-Aldrich) LysC
{1100 wiwr, Wakao).

were

and

For proteome analysis, sample aliquots (~15ug)
were desalted in SDB-EPS StageTips (Empore).
Briefly, samples were first diluted with 1% TFA
in isopropancl to a final volume of 200 ul
Thereafter, samplez were loaded onto StageTips
and sequentially washed with 200 pl of 1% TFA
in izopropancl and 200 pl 0.2% TFA/ 2% ACN.
Peptides were eluted with 60 pl of 1.23%
Ammonium hydroxide (NHsOH)/ 80% ACN and
dried using a SpeedVac centrifuge (Eppendorf,
Concentrator  plus). Dried peptides  were
resuepended in buffer A® (2% ACN 0.1% TFA)
supplemented with iBT peptides (1/30 v'+) (IRT
Standard, Biognosys).

For diGly peptide enrichment, samples were
four-fold diluted with 1% TFA in isopropancl
and loaded onte SDBE-FPS cartridges (StrataT™-
X-C,30mg' 3 ml or Strata™.3-C, 200 mg/ & ml,
Phenomenex Inec.).

Before peptide loading,

cartridges were equilibrated with 8 bed volomes
{(BV) 30% MeOH/1% TFA and washed with §
BV of 0.2% TFA. Samples were loaded by
gravity flow and sequentially wazhed twice with
2BV 1% TFA in izopropancl and once with 8 BV
0.2% TFAS 2% ACN. Peptides were eluted twice
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with 4 BV 1.25% WNH.OH' 80% ACN and diloted
with ddH:0 to a final ACN concentration of
35% ACN. Thereafter, samples were snap frozen
in liquid nitrogen, lyophilized and store at 4°C
until diGly peptide enrichment.

DiGly peptide enrichment

Lyophilized peptides were resuspended in
immunoaffinity  purification  buffer  (TAP)
(30mM MOPS, pH7.2, 10mM NaHPO.,
50mM NaCl) and sonicated for 2.5 min
(Bicruptor plos, Diagenode). Peptide
concentration was estimated by tryptophan assay.
DiGly containing  peptides  were
enriched using the PTMScan® Ubiquitin
Eemnant Motif (K-=-GG) Kit (Cell Signaling
Technology (CST)), which was kindly provided
by CST. First, antibodies were crosslinking to
beads as described by Udeshi et al® Unless
otherwize atated., 1/8 of a wvial of crosslinked
antibody beads and 1 mg of peptide material were
used for diGly peptide enrichments. For this,
peptides were added to crosslinked antibody
beads and the volume was adjusted to 1 ml with
[AP buffer. After lh of incubation at 4°C and
gentle agitation, beads were washed twice with
cold TAP and 3 times with cold ddH:0. For this,
teads were transferred into GF-filter StageTips
and for each wash step, the accerding waszh
solution was added and passed through by
centrifugal force. Thereafter, GF-StageTips were
stacked onto SDB-EPS StageTips and peptides
were directly eluted into SDB-EPS StageTips.
Forthis, 30 pl1 0.13% TFA were added twice onto
the beads and passed through by centrifugation
for 5 min at 100 g. Thereafter, 100 pl 0.2% TFA
were added on top of peptide eluates, followed by

remnant

sample leading onto the stationary material of
SDE-RPS StageTips. Peptides were waszhed,
eluted and dried as deszcribed for protecmes
samples, with the difference, that 0.2% TFA was
uzed for the first wash step. Dried peptides were
rezuspended in 9 pl buffer A¥ supplemented
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with iRT peptides {1/30 v+%) for LOCMS-MS
analysis.

Basic reversed phase fractionation

Basic reversed phase (bRP) fractionation for
diGly peptide and proteome spectral libraries
were performed on an UFLC system (Shimadzu)
and EASY-nl C 1000 {Thermo Fisher Scientific,
Germany), respectively.

For diGly peptide separation, lyophilized samples
were resuspended in Buffer A (5 mM NH.HCO,/
2% ACN) and 5 mg peptide material (3 mg/ml)
was loaded cate a reversed phase column
(ZORBAX 300Extend-C18, Agilent). Peptides
were separate at a flow rate of 2 ml'min and a
constant column temperature of 40 °C using a
binary buffer system. consisting of buffer A and
buffer B (3 mM NHHCO: 20% ACN). An
elution  gradient staring at 0% B stepwise
inecreased to 28 in 53 min and to 78 in 6 min was
deployed. Eluting peptides were automatically
collected into a 96-deepwell plate while well
positions were switched in 40 s intervals.

For peptide fractionation on the EASY-al.C 1000
system, approximately 33 pz peptide material
were loaded cate a 30 cm in-house packed,
reversed phase columns (250 wm inner diameter,
BeproSil-Pur C18-AQ 1.9 um rezin [Dr. Maisch
GmbH]). Peptides were separate at a flow rate of
2 pl'min using a binary buffer system of buffer A
{PreOmics) and buffer B (PreOmics). An elotion
gradient staring at 3% B stepwize increazed to
30%% in 45 min, 60% in 17 min and 95% in 3 min
was uvsed. Eluting peptides were concatenated
into 24 fractions by switching the rotor valve of
an avtomated concatenation system (Spider
fractionator, PreOmics)  in 90 2 intervals.

Library sample preparation

For individual deep diGly libraties 2x5 mg
peptide were fractionated by bEP fractionation.
For KA45-peptide containing fraction
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identification, 100pl aliquots of fractions 46 to 54
were dried in a SpeedVac, resuspended in A™ and
measwed on an LTQ Orbitrap XL  mass
spectrometer. K43-peptide containing fractions
of both plates, were pooled in sample pool "K 487
(Supplementary Fig. la). Remaining fractions
of both pates were concatenated into P1-P3
(Supplementary Fig. la), znap frozen and
lyophilized.  Lyophilized  peptides  were
resuspended in 1ml TAP buffer and diGly
peptides were enriched as described above. In
case of HEK293 library generation, an optional
second supernatant IP was conducted. For this,
500ul of previous diGly peptide enrichment
supernatants pocled  as  indicated
(Supplementary Fig. la) and used for sequential
diGly peptide enrichment.

Were

For the proteome library, aliquots of U208
samgples for proteome cycling analysis were used.
Approximately peptide
points  of two  biological
replicates, after SDB-RPS cleanup, were pooled
and fractionate via bEP fractionation as described
above. Fractionated zamples were dried vsing a

Jug material  of

individual time

SpeedVac and resuspended in A* supplemented
with iRT peptides (130 vv) for LC-MSMS
measurement and spectral library generation.
Nano-flow LC-MS/MS
MEAs Urem ents

proteome

Peptides were loaded omto a 30 cm, in-house
packed, reversed phase columns (73 wm inner
diameter, ReproSil-Pur C18-AQ 19 pm resin
[Dr. Maizch GmbH]). The column temperature
was contrelled at 60°C uvsing a2 homemade
column oven and binary buffer system, consisting
of buffer A (0.1% formic acid (FA)) and buffer B
(0.1% FA in 80% ACN), was utilized for low pH
peptide separation. An EASY-nl.C 1200 zystem
(Thermo Fisher Scientific), directly coupled
online with the mass spectrometer () Exactive
HF-X, Thermo Fizher Scientific) via a nano-
electrospray source, was emploved for nanc-flow
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liquid chromatography, at a flow rate of
300 nl'min. For individual measurements, 300 ng
of peptide material was loaded and eluted with a
gradient starting at 3% buffer B and stepwise
mcreased to 30% mn 95 min, 60% in 5 min and
95% in 3 min.

The same general setup was uvsed, for K48-
peptide containing fraction identification, while
the column and mass spectrometer were changed
te a 20 cm column and an LTQ Orbitrap XL,

respectively.

For DDA experiments the Thermo Xcalibur
(4.0.27.19) and LTQ Tune plus (255 SP2)
software were vzed for ) Exactive HF-X and
LTQ Orbitrap XL instruments, respectively. The
() Exactive HF-X was operated in Topl2 mode
with a full scan range of 300-1630 m?z at a
resolution of 60,000, The avtomatic gain control
{AGC) was zet to 3eb at a maximum injection
time of 20 5. Precursor ion selection width was
kept at 1.4 m©= and fragmentation was achieved
by higher-energy collisional dissociation (HCD)
{INCE 27%). Fragment ion scans were recorded at
a resolution of 15,000, an AGC of 1e5 and a
maximum fill time of 60 ms. Dynamic exclusion
was enabled and set to 20 3. The LTQ Orbitrap
KL was operated in Topll mode with a full scan
range of 300-1700 m= at a resolution of 60,000.
Precursor ion selection width was kept at 2.0 m=
and fragmentation was achieved by collizion-
induced dissociation (CID) (NCE 33%).

For DIA analysis, the MaxQuant Live software
suite was utilized for data acquizition™. The full
zcan range was set to 300-1630 st at a resolution
of 120,000, The AGC wasz zet to 3ef at a
maximum injection time of 60 ms. HCD (NCD
27%) was uszed for precursor fragmentation and
fragment ions were analyzed in 33 DIA windows
at a resolution of 30,000, while the AGC was kept
at Jed.
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Nano-flow LC-MS/MS diGly measurements

DiGly peptide enriched zamples were measured
on a Q Exactive HF-X using the
instrumental setup as for proteome analyzis. For
diGly single run measurements one quarter {2 ul)

Same

and for diGly library preparation cne-half {4 ul)
of enriched zamples were loaded for LC-MS/MS
analysiz, unless stated otherwize. Loaded
peptides were eluted vsing a gradient starting at
3% buffer B and stepwize increased to 7% in
6 min, 20% in 49 min, 36% in 39 min 43% in
10 min and 95% in 4 min.

For DDA analysis, the MS was operated in Topl2
mode with a full scan range of 300-1350 mz at a
rezolution of 60,000, AGC was zet to 3eb at a
maximum injection time of 20 3. Precursor ion
selection width was kept at 14 mE and
fragmentation was achieved by HCD (NCE
28%). Fragment ion scans were recorded at a
resolution of 30,000, an AGC of led and a
maximum fill time of 110 ms. Dynamic exclusicn
was enabled and setto 30 =

For DIA analysis, the MaxQuant Live software
snite was emploved for data acquisition™. The
full zcan range was set to 300-1650mE at a
rezolution of 120,000, The AGC was et to 320 at
a maximum injection time of 60 ms. HCD (NCD
28%) was vsed for precursor fragmentation and
resulting fragment ions were analyzed in 46 DL
windows at a resolution of 30,000 (unless
otherwize stated) and an AGC of 3ed. DIA
window distribution  parameters Pdfu  and
PdfSigma were zet to 6.161865 and 0348444,
respectively, unless stated otherwise.

Raw data analysis

DDA raw data vsed for K48-peptide fraction
identification and DIA and DDA comparizons
were analyzed with MaxQuant {1.6.2.10) vsing
default zettings and enabled match between runs
(MEBR) functionality. Carbamidomethyl (C) was
defined as fixed modification and Oxidation (M),

18

Acetyl (Protein N-term) and DiGly (K) were set
as variable modifications.

DDA raw data, used for spectral library
construction, were processed with Spectronauts
buzld in search engine pulzar
(13.12.200217 43635)%. Default settings were
used for proteome zpectral libraries. For diGly
zpectral libraries the “Best W Fragments per
peptides” maximum value was adjusted to 25. For
hybrid library construction DIA raw files were
processed together with DDA library raw files
using the same search settings.

DIA raw files were processed using Spectronaut
(13.12.200217.43655)". Proteome analysis was
performed with default settings. For diGly
analysis, diGly (K) was defined as an additional
variable modification and PTM localization was
enabled and szet to 0. For dilution experiments,
“XIC BT extraction window” was set to “static”
with 2 window width of 10 min Direct DIA
zearches uzed the same settings as described
above.

Bivinformatics analysis

Data analysiz was primarily performed in the
Perseus software suite (1.8.7.00. For diGly site
analysis, Spectronavt normal report cutput tables
were aggregated to diGly sites using the peptide
collapse plug-in tool for Perseus™ DiGly sites
were aggregated using the linear model based
approach  and filtered for a localization
probability > 0.5, Student t-test statistics (FDR
cutoff 1% or 3%; 50 = 0.1) for TNF stimulation
experiments were performed in Perseus. Fisher's
Exact GOBP Term enrichment of upregulated
diGly sites and cycling diGly sites was performed
on the pantherdb website (hitp:/‘pantherdb.org’)
and it perzeus, respectively, with Benjamini
Hochberg FDR. correction enabled and zet to a
3% cutoff. Network representation of upregulated
diGly sites was performed with the STRING app
{1.5.1) in Cytozcape (3.7.2).

151



Data-independent acquisition method for ubiquitinome analysis reveals regulation of

circadian biology

bioR=iv preprint dai: hitps:/fdoi.orgd10.1101/2020.07 24.2108055. this version posted July 25, 2020. The copynght holder fior this preprint {which

was not certified by peer review) is the authorfunder. All rights reserved. Mo reuse sllowed without permission.

For the cycling analysis of diGly sites, data was
first filtered for diGly sites identified in at least
50% across all measurements. Proteins and diGly
sites raw intensities were log: transformed and
normalized by median subtraction. For diGly site
protein normalization the median values of
biclogical quadruplicates were subtracted from
normalized diGly sites. Missing values of protein
data for subtraction were imputed based on a
Gausstan normal distribution with a width of 0.3
and a downshift of 1.8, Cycling analysis of
normalized protein and diGly site data was
performed as previously described, but in this
case with a period time of 24.8 K™, A g-value
cutoff of 0.1 and < 0.33 was used to define
cyeling DiGly zites and proteins, respectively.

Website tool

For profile plots individval z-scores for each
protein abundance normalized diGly site and the
median z-score and standard emror of means
(SEM) were subsequently determined for each
time point. The resplting median z-scores and
SEM valuez were multiplied with the cycling
amplitude of each diGly site (Perseus periodicity
analysiz cutput). For sequence visvalization and
protein  domain  annotation each diGly
location was mapped to the first UniProt ID of its

site

assigned protein group and was visualized bazed
on its respective protein sequence stored in the
fasta file that was vsed for MSMS data analvsis
(human fasta, downloaded 2013). The protein
sequences for vispalization were obtained vsing
the ‘fasta' fonctions from pyteomics™ .
Information about protein domains was obtained
from UniProt {(https:/"warw.nniprot.org/,
acceszed 25.05.20200, including following
categories:  'Topological  domain'. Motif,
Begion', Repeat, 'Zink finger' and Domain
[FT].

To evaluate whether multiple obzerved cyeling
diGly sites are located in a specific region on the

19

protein, we performed a proximity analysis.
Three different metrics were evaluated: (1) the
verage distance (In amino acids) between all
obzerved cycling diGly sites, (2) the minimum
distance between any two observed cycling diGly
sites, and (3) the maximum distance between any
two observed cycling diGly sites. The cbserved
distance metrics were compared to the distances
expected from a random distribution of the diGly
sites of a protetn across all of its lysines. 10,000
random  distributions were considered and an
empirical p-value was estimated based on the
fraction of random samples with a smaller or
equally small distance metric as the obzerved
veling diGly sites. For the main analysis, diGly
sites with a g-value = 0.1 were considered as
cycling diGly sites.

Data preprocessing and visualization for the
dashboard was performed using the python
programuming language. Following libraries were
utilized for data processing: numpy, pandas, re,
random and pyteomics 7%, Several libraries from
the HeoloViz family of tools were used for data
vizpalization and creation of the dazhboard,
including panel and holoviews, but alzo bokeh,
plotly and matplotlib.
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The family of ubiquitin-like proteins (UBLS), including SUMO, NEEDS, and ISG15, are structurally
similar to ubiquitin and processed by the same enzymatic steps. They also act as post-
translational modifiers that influence diverse biological processes. One of the highly evolutionally
conserved UBLs, the UBL3/MUB protein, has been identified in Arabidopsis thaliana; however,
its role as a PTM factor remains poorly understood. Our collaboration partners from Fujita Health
University characterized ubiquitin-like 3 (UBL3)/membrane-anchored Ub-fold protein (MUB) and
its role in mammalian cells. Unlike other ubiquitin-like molecules, UBL3 modifies target proteins
by disulfide bonding through cysteine residues at its C-terminus. To better understand the
physiological function of UBL3 modification, | performed a comprehensive MS-based proteomics
analysis and identified the proteins that interact with UBL3 in a manner dependent on the two C-
terminal cysteine residues. We demonstrated that UBL3 modification primarily influences the

sorting of proteins to the small extracellular vesicles.
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Exosomes, a lype of small extracellular vesiches (sEVs), derived from multivesicular bodies
(MVEBs), mediate cell-to-cell cormmunication by transporting proteins, mRNAs, and miRNAs.
However, the molecular mechanism by which proteins are sorted o sEVs is not fully
understood. Here, we report that ubiguitin-like 3 (UBL3}/membrane-anchored Ub-Told pro-
tein (MUB) acls as a posttranslational modification (PTM) Tactor thal regulates protein
sorting to sEVs. We find that UBLE modification is indispensable for sorting of UBLS 1o MVEBs
and sEVs. We also observe a 60% reduction of total protein levels in sEVs purified from Ub[3-
knockoul mice compared with those from wild-type mice. By performing proleamics analysis,
wie find 1241 UBL3-interacling proleins, including Ras. We also show thal UBL3 directly
modifies Ras and oncogenic RasG12Y mutant, and that UBLI expression enhances sorting of
RasG12Y to sEVs via UBLS modification. Collectively, these results indicate that PTA by UBLE

influences the sorting of proteins Lo sEVs.
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EVs are nanometre-sized vesicles secreted from varous cell

types!. Exosomes, a type of sEWs, derived from multi-

vesicular bodies (MVBs), mediate cell-to-cell commu-
nication by transporting proteins, mENAs, and miRNAs*. The
delivery of proteins between cells by sEVs, incduding cxosomes, is
related to tumour progression and neurodegencrative diseases™.
Furthermore, neurodegencrative discase-related proteins such as
amyloid beta, tan, a-synuclein, and prions are also packaged
inside sEVs, and spread in the brain® 10 These results indicate
that transportation of the intracellular proteins via sEVs con-
tributes to various types of discase Howewver, the molecular
mechanism by which proteins are sorted to sEVs is not fully
understood.

After synthesis, proteins undergo various posttranslational
muodifications (FTM) that influence a variety of cellular processes.
The ubiguitin-dependent modification system, one of the protein
degradation systems within the ccll, is involved in a varicty of
cellular processes!!. We previously found that the level and
localisation of the synaptic protein Vesl-15 are controlled by the
ubiquitin-proteasome  systems!®1*. Furthermore, using bioin-
formatics analysis, we identified the SCRAPPER protein as a
synaptic E3 ubiquitin ligase!. Several proteins are reported o
have a ubiquitin-like sequence, which is referred to as a "UBL
domain™!!% Some UBLs have been reported to act as post-
translational modificrs'”; these include the small ubiquitin-like
maodifiers (SUMO)'7 and Medds"®. On the other hand, as one of
comserved UBLs, UBL3/MUB protein has been identifed in
Arabidopsis thaliana and is a membrane protein localised by
prenylation'?. However, the role of UBL3/MUB as a PTM factor
remains poorly understood.

In this study, we provide evidence that UBL3/MUD acts as a
FI'M factor that regulates protein sorting to sEVs.

Results

Analysis of UBL3 as a post-translational modification factor. In
the present work, to identify PTM factors, we used a bininfor-
matics method! %1€, We extracted UBL3/MUB (Supplementary
Fig. 1), which is known to contain a ubiguitin-like {UBL) domain
and is an evolutionarily conserved membrane protein localised by
prenylation in animals, filamentous fungi, and plants'®. However,
the role of UEL3 as a FT'M factor remains poorly understood. To
clarify the role of UBL3 as a PTM factor, we expressed Hag- UBL3
in MIM-MB-231 breast cancer cells and purified UBL3 proteins
by immunoprecipitation, followed by western blotting with UBL3
antiserum. The estimated molecular weight of Flag-UBL3 is 16
kDDa. Intcrestingly, in the Fag-UBL3 expressing cells, the
UEL3 signal was observed as a smear band up to a high molecular
weight only under non-reducing conditions. The smear signal
disappeared after the addition of 2-mercaptocthanol (PME4) to
the samples, before loading onto an SDS-polyacrylamide gel
(Fig. la, right panecl). To wverify whether UBL3 modification
ocours in vivo, we established Ubl3 knodkout (KO mice and
analysed FTM in brain lysates, as the expression of UBL3 in the
brain is relatively high (Supplementary Fig. 2a-d). We observed
cndopgenous  UBL3-related PTM in lysates from the cerebral
cortex, and showed that the degree of FIM was reduced in Ubl3
KOymice (Fig. 1h). We next investigated UBL3 modification using
UBL3 mutants; we focused on all cysteine residues as UBL3
maodification is dependent on non-redoding conditions. UBL3 has
only two cysteine residues at its C-terminos (C113 and C114);
therefore we constructed three UBLS mumtants—OC1134, C114A,
and C113/114A (Fig. 1c}—and studicd these along with the wild-
type UBL3 (Fig. lc—e). In the UBL3CII3114A mutant, UBL3
modification was completely abolished not only in MIDA-MB-231
cells but also in every cell line cxamined (Fig. 1d, Supplementary
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Fig. 3a). However, UBLY modification was reduced buot still
retained hy the UBL3CI13A and UBL3C114A mutants in several
cells. A CAAX motif (C, cysteine; A, aliphatic amino acid; X, any
amino acid) at the C-terminus is frequently found in membrane-
localised proteins”". The UBL3/MUB also has a CAAX motif at
its C-terminus (Fig. 1c); it has been shown to be prenylated for its
anchoring to membranes via C114", The majority of wild-type
UEL3 protein, but not the mutants, was selectively found in the
membrane fraction (Fig. le, Supplementary Fig. 3b).

In order to study the relationship between the presence of
UBL3 in the membrane fraction and UBL3 modification, we
attempted to identify UBL3 mutants that were still retained in the
memhbrane fraction despite the loss of FTM activity. Intriguingly,
UBL3A1 which lacked only one C-terminal amino acid, was
found to have lost the UBL3 modification (Fig. 1f, g
Supplementary Fig. 3a). However, UBL3A1 was retained in the
membrane fraction, whercas UBL3AZ and UBL3AS were not
(Fig. 1h, Supplementary Fig. 3b). These data indicated that UBL3
modification was not necessary for the presence in the membrane
fraction.

UBL? modification is indispensable for sorting of UBL3 to
MVBs and sEVs. We next examined subcellular localisation of
UEL3 by immunocytochemistry, as the degree of UBL3 mod-
ification was found to be reduced in the cytoplasmic fraction
(Supplementary Fig. 4a). Following the introduction of EGFP-
UEL3, colocalisation with various organclles was studied. More
than 40% of the total EGFP-UBL3 signal was found to be colo-
calised with endogenous CD63, a marker for MV s, supporting
that UBL3 is enriched in MVEBs (Fig. 2a, b). UBL3 did not show
colocalisation with the markers for recycling endosome (Rabl1),
mitochondria (COXIV), endoplasmic reticulum (Calnexin}, Golgt
(GM130), peroxisome (FMP70), or nuclear membrane (Lamin
B1) (Fig. 2a, Supplementary Fig. 4b). Colocalisation with the carly
endosome marker (EEA1) or lysosome marker was detected:
however, this was weak compared with the degree of colocalisa-
tion with the MVE marker (Fig. 2a, b). Then, to elucidate the
relationship between UBL3 modification and localisation in
MWV Bs, we cxamined colocalisation of UBLIC113A, UBL3C114A,
UBL3C113/114A, and UBL3AT with endogenous CING3 (Fig. Zc).
Unlike wild-type UBL3, the mutants did not show colocalisation
with CIM3 (median values: UBL3, UBL3CI13A, UBLICTT4A,
UBL3C113/114A, UBL3AL — 41.5%, 30%, 27%, 19%, 23%,
respectively). To darify the localisation of UBL3 in MY Bs and the
plasma membrane, we performed immunoclectron microsoopic
analysis (Fig. 2d, ). When Flag-UBL3 was introduced to MIDA-
MB-231 cells, the UBLS signal was clearly detected in the MVEs
and the plasma membrane, but not in mitechondria or the
nuclear membrane (Supplementary Fig. 4c, d). UBL3A1 was
localised in the plasma membrane but not in MVEBs (Fig. 2d, c).
These results indicate that membrane localisation is not sufficient
and that UBL3 modification is required for MYE localisation.
Ome fate of MVEBs is to fuse with the plasma membrane for
release as exosomes. The other fate is to fuse with lysosomes,
which degrade the MVE contents>. In the present study, we
focused on the extracellular secretion of UBL3, as this protein
colocalises with MV Bs to a degree greater than with lysosomes
(Fig. 2a, b). Cells release extracellular vesicles (EVs) of various
sizes, These vesicles, some of which are derived from the plasma
membrane, include large- and medium-sized EVs purified at 2000
x g (2K) and 10,000 x g (10K}, respectively. sEVs are purified at
100,000 x g (100K} and are derived in part from the plasma
membrane I;nrm-cxusumal sEVs) or are derived from MVEBs
{cxosomes) . We have purified EVs from ZK-, 10K-, and 100K-
centrifuged  pellets from MDA-MB-231 cells and found that
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Fig. 1 Analysis of UBL3 as a post-translational modification factor. a UBL3-dependent postiranslational modification was detected by immunoprecipitation
{IF} with anti-Flag antibodies from MDA-MB-231 cells transfected with Flag-UBL3, followed by westemn blotting with UBL3 antiserum {right panel). b The
tissue extracts from the cerebral cortex of WT and UAI3 KO mice were immunoprecipitated with anti-UBL3 antibodies. e, f Schematic structures of Flag-
tagped wild-type or mutant UBL3. d, g Detection of UBL3 modification in these cells. IF products were boiled without 2-mercaptoethanol (SME-). A portion
of the samples was treated with 2-mercaptoethanol (BME+). e, b Subcellular localisation of UBLS in MDA-ME-231 cells transfected with Flag-UBLS (wild-
type and mutants). Twenty pr per lane

LBL3 was more concentrated in the 100K fraction than in the 2K
and 10K fractions (Fig. 3a). We verified that sEVs purified from
the 100K pellet contained nanometre-sized vesicles ranging from
50 to 100 nm in diameter by negative EM staining (Supple-
mentary Fig. 5a). We found that the majority of UBL3 was

present in sEVs containing CI¥3  (Supplementary Fig. 5bh)
Additionally, we found that UBL3 was packaged within the sEVs
(Supplementary Fig. 5¢). In order to determine whether endo-
genous UBL3 was released in sEVs, we prepared primary cultured
cells from wild-type and UB3 KO mice, purified sEVs from the
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culture supernatant, and blotted them using anti-UBL3 anti-
bodies. Endogenous UBL3 was only found in sEVs from wild-
type mice (Supplementary Fig. 5d). Finally, UBL3 modification
was observed not only in cell lysates but also in sEVs (Supple-
mentary Fig. 5¢). In order to clarify that UBL3 modification is
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indispensable for sorting to sEVs, the presence of UBL3 and its
mutants in 100K sEV was studied. Among these, UBL3 cysteine
mutants were not sorted to sEV fractions. On the other hand,
UBL3A1 was detected at much reduced levels compared with
those of the wild-type UBL3 (Fig. 3b). Purified 100K pellets
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Fig. 2 The localisation of UBL3 to MVBs depends on UBLS modification. a Representative projected images of MDA-MB-231 cells transfacted with EGFP-
UBL3 and co-stained with markers for MVE (CD63, n = 10), early endosome (EEAL, n = 10), lysosome (LysoTracker, n = 10}, or recycling endosome
(Rab11, n = 10} The regions in the dotted box are shown as a single confocal image in the inset. Scale bars, 10 and 1 pm. b Quantitative analysis of EGFP-
UBL3 flusrescence intensity in a. *, p< 0005 ***, p< 00000 by Kruskal-Wallis,/Dunn’ s multiple-comparisons test. € Representative images of MDA-MB-231
cells transfected with EGFF-LIBLS (wild-type, n = 5; mutants, n = 5) and co-stained with CO63 values shown as % of total UBL3. Scale bars, 10 and 1 pm.
d Immune-EM images of wild-type UBL3 and UBLIAT in MDA-ME-231 cells. Scale bars, 500 nm (left and right panels) and 200 nm (middle panel).

e Quantification of the numbers of gold colloids per area in d. MVE, r = 10; Plasma membrane, n = 10, %, p< 005 **°, p< 0.007 by tao-talled Student’s
and Welch's t-tests
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Fig. 3 The level of total proteins in the sEVs s reduced in UBGE knockout mice. a The cell lysate (CL) and pellets from the conditioned medum of MDA-ME-
231 cells transfected with 3xFlag-UBL3 vectors were blotbed with various antibodies. b The presence of UBL3S and its mutants in sEVs. e Electron
microscopsc analyses of purified sEVs by negative staining. Scale bars, 1000 nm. d Upper left panel, protein staining for the sEVs from the serum in WT and
U3 KO mice. Lower panels, purified serum sEVs were blotted with anti-tubuwdin and C09 antibodies with iME. Right panel, relative intensity of total
profeins in serum sEVS. n="7 pairs. & Total RNA levels in the serom sEVs, WT, o = 5 KO, n = 5 ns, p > 0005 by Mann-Whitney test. ab, pME +
comdtion: Flag, Flotillin-1, GP96, Actinin-4, Calreticulin, GAPDH, and Al antibodies. AME- condition: CDa63, and CO9 antibodies
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contained both exosomes and non-exosomal sEVs The latter
include vesicles directly secreted from the plasma membrane? 22,
this cxplains why UBL3AL, which shows plasma membrane but
not MVE Iocalisation, was detected in the 100K pellets in small
amounts {Figs. 1h, 2d, e, 3b). This finding indicates that the UBL3
maodification is important for sorting of UBL3 to sEVs. Further-
more, when exosome release was inhibited by Rab27a shRNA™,
the levels of UBL3 modification products were increased (Sup-
plementary Fig. 5f). The above results indicate that UBLS mod-
ification is required for localisation of UBL3 in MV Bz, and that
the majority of UBL3 is secreted in sEVs originating from the
fusion of MVBs released as exosomes. As UBL3 was localised in
the plasma membrane, UBL3 modification may also influence
non-cxosomal sEVs.

The level of total proteins in the sEVs is reduced in UB3
knockout mice. To clucidate the functional role of UBL3 in the
sorting of proteins to sEVs, we quantificd the protein contents of
purified sEVs derived from UbI3-EO mouse sera. The genotype
had no effect on the concentration of sEV particles or the average
vesicular diameter (Fig. 3c, Supplementary Fig. 6a, b). Intrigu-
ingly, the total level of sEV proteins in the sera from the Ubi3 KO
mice was 60% lower than that from the wild-type mice, although
the total protein content in the scrum and plasma were not dif-
ferent (Fig. 3d, Supplementary Fig. 6c). We did not find any
significant difference in the BMA profiles and BEMA levels (Fig. 3e
and Supplementary Fig. 6d, e). Specific sEV-enriched miRNAs
levels were not statistically different (Supplementary Fig. 6f).
These results indicate that the Ubl3 KO mice produce sEVs with
reduced proteins, but with normal levels of miENAs in the serum.
In other words, the sorting of proteins in the serum sEVs is
influenced by UBL3.

UBL3 modification influcnces the sorting of proteins to the
sEV. For a better understanding of the physiological function of
UBL3 modification, we performed comprehensive proteomics
analysis to identify proteins that interacted with UBL3 in a
manner dependent on the two C-terminal cysteine residues.
Lysates prepared from 3xFlag-UBL3 expressing in MIDA-MB-231
cells were purified with Flag antibody-beads, subjected to on-bead
digestion, and analysed by nanoflow liquid chromatography tan-
dem mass spectrometry (LC-MS/MS) gradients on a O Exactive
HF mass spectrometer (Fig. 4a). The dataset covered 3882 proteins
in total at a false discovery rate (FDR) of 1%. The average of
Prarson correlation coefficients was (0.988 within triplicate pull-
downs. Label-free quantification (LFC)-based unsupervised hier-
archical clustering of significantly regulated proteins (ANOVA,
FDRE 005 & 50 1) revealed 1447 Plnss:ihlc UBL3-interacting
proteins that were upregulated in Flag-UBLS compared to Flag-
UBL3C113/114A or the Flag empty vector (Fig 4a and Supple-
mentary Table 1), Next, we grouped the UBL3-interacting pro-
teins based on their subcellular Incalisation as defined by the Gene
Cntology Cellular Components (GOCC). We found that 31% of
proteins (454 out of 1447 proteins; p-value of 0.00405, Fisher exact
test) were categorised as the GOCC term ‘extracellular vesicular
cxosome’ (Fig. 4b, and Supplementary Data file). In addition, the
pairwise comparison of UBL3 with UBL3C113/1 14A revealed that
1241 proteins significantly interact with UBL3, emphasising the
role of cysteine residues in UBLS modification (two-sample Stu-
dent’s i-test, FIE — 005 & 50— 1) OF these proteins, 29% (369)
of them were also annotated as extracellular vesicular exosome.
Morcover, Fisher exact test for the statistically significant proteins
showed an enrichment for the annotation of extracellular vesicular
cxosome (p-value of 0.00828). Among these, tubuling (TUBALA,
1B, 1, and 4A; and TUBE, B2A, B3, B4A, B4B, Bi, and BE) were
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found in 3xHag-UBL3 samples (Fig. 4c, Supplementary Fig 7a
and Supplementary Data file). Tubulins are reported to be present
in sEVs and other EVs®', Endogenous tubulin alpha can be
detected in sEVs with the commonly used specific antibody
(DM1A); therefore we chose tubulin alpha as a model case to
study sorting of endogenous proteins to sEVs wvia UBL3 mod-
ification. When EGFP-UBL3 introduced to MIDA-MB-231 odls
was immunopurified from anti-GFEP-beads, tubulin was found to
be modified by UBL3 and observed as shifted bands only under
non-reducng conditions (Supplementary Fig. 7h). We then stu-
died the sorting of tubulin by UBL3 in secreted vesicles prepared
by differential centrifugation. Intriguingly, the tubulin signal was
specifically augmented by UBL3 expression in the 100K, but not in
the ZK or 10K fractions (Supplementary Fig 7c). Under non-
reducing conditions, the majority of tubuolin in the 100K sEV
pellet was found to have a higher molecular weight than under
reducing conditions. We used UBL3 mutants to investigate the
relationship between UBL3 modification of tubulin and the sort-
ing to sEVs. The increase in tubulin in the sEVs was specific to
wihi—tﬂ}l: UBLY; the UBL3C113/114A and UBL3A1 mutants
cxhibited no such effects (Supplementary Fig. 7d). We also
observed that the protein levels of tubulin in the serum sEVS were
reduced in UBE KO mice (Fg. 3d). We therefore conclude that
UEL3 modifies endogenous tubulin posttranslationally and reg-
ulates its sorting to sEVs.

We also found that at least 22 disease-related molecules were
included as UBL3-interacting proteins (Fig. 4c and Supplemen-
tary Fig. 8a). Intriguingly, some of these molecules are related to
onoogenesis and tumour progression/metastasis, namely, HEAS,
ERAS, TGFBRI, TGFBRZ, RBI, ITGAG, ITGES, mTOR, TSC2
and APLPZ. In addition, immune-responsive molecules (IRF3
and IKBEG), mTOR signalling molecales (mTOR, RPTOR and
T3C2), Motch signalling molecules (NOTCHI, NOTCHZ,
NOTCH3), BMP signalling molecules {BMPRIA and BMPHRZ),
and even molocules involved in newr tivelneurnonal
discases (PSEN1, ATXN10, HIPIE, APLP2 and NPC1) are
identified as ULL-interacting proteins. Among these, Has family
members are proto-oncogenes™ and have been reported to be
enriched in sEVs™. Therefore, we chose H-Ras as a model protein
to study the sorting to sEVs via UBL3 modification. We found
that exogenous wild-type Has and constitutively active oncogenic
FasG12V mutant™ interacted with UBL3, and were ohserved as
shifted bands only under non-reducing conditions {(Supplemen-
tary Fig. #b). Morcover, exopenous wild-type Has proteins were
more sorted to sEY by UBL3 (Supplementary Fig. 8c). We also
found that wild-type UBL3 but not UBL3CI13/114A enhanced
sorting of Ras(G12V to sEVs {I"ig. 4d).

To cxamine whether sEVs encapsulated with UBL3 and
onoogenic RasG12V caused the activation of Ras sigmalling in
the recipient cells, we added PEHG7-labelled sEV purified from
MDA-MB-231 cells that were transfected with Ras(G12V and
cither mock, 3xFag-UBL3 or 3xFlag-UBL3C113/114A to reci-
pient MIXA-ME-231 cells. As an indicator of Kas activation in the
recipient cells, we measured the phosphorylation level of EREK,
which is a downstream signalling molecule®®. Phosphorylated
EREK (plflﬂ‘i.} activity in PEHGO7-labelled SE‘H'-iII.ﬂJ]'p(:ratcd oclls
was cxamined by antibody staining. We found that purified sEVs
from MIDA-MB-231 cells transfected with wild-type UBL3 and
Ras(i12V significantly enhanced the level of pERK in the
recipient cells compared to sEVs from UBL3C113/1144 and
RasGi12V transfected cclls (Fig. 4e, f). These results indicated that
increased sorting of KasG12V o sEVs by UBL3 modification
enhanced activation of Has signalling in the recipient cells.

We also performed a comparative analysis using other UBLs,
Unlike UBL3, other Ubls, mcuoding ubigquitin, SUMO1, and
SUMO2, were not enriched cither in MVBs or sEVs (Fig 5a—c).
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Finally, we attempted to determine whether UBL3 serves as a uscful
tag for protein ddivery to sEVs. When EGEFP or biotinylated-
protein tagged with UBL3 was introduced to MDA-MB-231 cells,
EGFP-UBI3 and biotinylated-UBL3 were found in sEVs (Fig. 6).
These observations confirmed that UBL3 serves as a tag for the
delivery of proteins to sEVs.

Discussion
In the current study, we characterised UBL3 as a PTM factor. The
glycine residuces at the C-termini of ubiquitin, SUMO, and Nedd8

| 2893593 | DOE 10.1038/241467-01-0619 /-y | waw.nature comy/ naturecommunications

are covalently attached to lysine residucs in target proteins in
general!>1827_In contrast, our data suggest that UBL3 modifies
target proteins by disulfide bonding through cysteine residues at
its C-terminus; therefore although UBL3 has a ubiquitin-like
domain, UBL3 modification is found to be completely different
from conventional ubiquitin and ubiquitin-like modifications.
From the result of UBL3A1 mutant (Fig. lg), the membrane
localisation of UBL3 alone is not sufficient for the UBL3 mod-
ification. Thus, in addition to CAAX motif for the membrane
localisation in the C-terminal of UBL3, it is possible that
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Fig. 4 UBL3 modification influences the sorting of proteins to the sEV. a, b Heat map of z-scored LFQ intensities of the significantly regulated protewrs
(ANOVA, FDR = 0.05 & SO =1) in all three conditions (3xFlag-UBL3, 3xFlag-UBL3C13/M4A or 3xFlag empty vector) revealed the UBL3 nteracting
proteins (Cluster 1). The colour key denotes normalised protesn abundances (z-score). Profiles of all protens (1447) found in Cluster 1 are shown and 454
of those (319) with ‘extracellular vesicular exosome’ annotations are highlighted in dark blue. € Volcano plots showing the p-values vs. the log2 protein
abundance differences in Flag-UBL3 compared with either Flag-UBL3CN3/M4A or Flag empty vector. The significance cut-off is based on an FDR = 0.05
and SO = 1. Disease-related molecules, black colour. HRAS and KRAS, red colour. TUBATA, 1B, 1C, and 4A, orange colour. TUBB, B2A, B3, BAA, BAB, B6, and
B8, blue colour. d sEV pellets were blotted with anti-Ras antibodies. e Images of phosphorylated ERK (pERK) in PKH6 /-labelled sEV-incorporated MDA
MB-231 cells. Purified sEVs from the conditioned medium of MDA-MB-231 cells transfected with RasG12V and either mock, 3xFlag-UBL3, or 3xFlag
UBL3CN3/MAA or with mock and 3xFlag-UBL3 were labelled with PKH6E/ dye (green) and added to MDA-MB-231 cells. Scale bars, 10 pm. f Each plot
shows pERK fluorescence in PKH6E/-labelled sEV-incorporated cells normalised to the average pERK values in the two neighbouring PKH6E /-labelled sEV
unincorporated cells from each image in e. RasG12V-modck, n =18, RasGI12V-UBL3, n =19, RasGI2V-UBL3CN3/MAA, n=19; Mock-UBL3, n=21. **, p<
0.01;, ***, p<0.001 by Kruskal-Wallis/Dunn's multiple-comparisons test
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Fig. 5 Subcellular localisation and sorting to sEV of UBLs. a Representative images of MDA-MB-231 cells transfected either with EGFP-ubiquitin, -SUMO1,
SUMO2 or -UBL3 and co-stained with markers for MVEBs (CD63). Scale bars, 10 and 1 g b Quantitative analysis of EGFP-ubigustin, -SUMON, -SUMO2,
and -UBL3 fluorescence intensity in a. EGFP-ubiquitin, n = 10; EGFP-SUMO7, n = 10; EGFP-SUMO2, n =10, EGFP-UBL3, n = 10; EGFP, n =10.*, p< 0.05;
***, p<0.0001 by Kruskal-Wallis/Dunn’s multiple-comparisons test. ¢ EGFP-UBL3, but not EGFP, EGFP-ubiquitin, EGFP-SUMO1, or EGFP-SUMO?2, was

preferentially enriched in the sEVs of the cell culture media. Before sample loading, the samples were botled with pME
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Fig. 6 EGFF and biotinylated protein tagped by UBL3 are sorted to the sEVs,
EGFP-UBLS (left paned) and biotinylated protein tagmed by UBL3 (right
pamel), but not EGFP-UBLICTIE3/MAA or biotinglated protein tagged by
UBL3CM3 144 were preferentially accumulated i the sEVs of the cell
culture redia. After the western blot analysis, gels were stained with
SYPRO Ruby (lower panel). Before loading, the samples were boiled with
PME. The same amounts of protein were loaded on the gels {Cell Lysate,
20pg per lane; sEVs, 1 pg per lane)

important amino acid sequences for the UBL3 modification in the
C-terminal region exist. In the future UBL3 study, it is important
to analyse molecules that recognise the C-terminal sequence for
UEL3 modification.

Additionally, we report that UBL3 modification is essential for
the sorting of UBL3 to MVEBs and sEV= We identify 1241 UBL3-
interacting proteins dependently on the C-terminal two oysteine
residucs, 29% of which are annotated as ‘extracellular vesicular
exosome. We also observed a 60% reduction in the total sEV
proteins in the sera of Ubl3 KO mice (Fig. 3d). This result sog-
gested that UBLY may be involved in the sorting of more than
half of all exosomal proteins. It is possible that UBLS binding to a
particular protein is transicnt, therchy permitting identification of
only a subsct of UBL3-modificd proteins in the comprehensive
protenmics analyses of cell lysates. Alternatively, UBLS miod-
ification may be required for only a limited number of target
proteins that participate in large protein-protein interaction
networks for targeting to exosomes; however, this idea must be
confirmed by further investigation.

Specific proteins in sEVs play an important role in tumour
progressinn and organotropic mctastasis 27 Meorodegencra-
tive discasc-related proteins, such as amyloid beta, tau, a-synu-
clein, and prions, are also packaged inside sEVs and spread in the
brain® 810 In the current study, we identified 1241 UBL3-
interacting proteins that were dependent on the two C-terminal

MATURE

cysteine residues, including at least 22 disease-related molecules
(Fig. 4c), and showed that oncogenic RasGI12V proteins were
maore sorted to sEVE by UBL3 modification (Fig. 4d). These sEVs
bearing the oncogenic proteins affected ERK phosphorylation in
the recipient cclls (Fig. 4e, f). Therefore, the inhibition of UBL3
maodification also could be a therapeutic target for sEV-related
disorders. Our results also indicate that extrancous proteins are
sorted to sEVs by UBL3 tagging (Fig. 6). Thus, for any other type
of sEV-related diseases, UBL3 could serve as a useful tool for the
generation of sEVs that are modified to act as vehicles for ther-

apeutic cargos.

Methods
Cell cultwre. MDA ME 231 loc D3TZLN breast cancer cells (Xenogen Ca, CA),
HEK9ET cells (RIKEN Cell Bank, Japan), and Hela cells (RIKEN Cell Bank,
Japan) were cultured in Roswell Park Memaorial Institute (EPMI} 1640 medium
(GIBCCY, 11675 093) or Dulbecon’s modihed Eagle's medium (DMEM, GIBC,
1965 0%2) with P5 (100 units of penicillin G per mL, 10pg of sireptomydn
sulphate per mL) and 10% foctal bowine serum (FRS)L Cultures were mcubated ina
5% Ci0h at 577 All the cell lines were rontimely tested for myooplasma con
tamimation [Biological Industries, 24 PCE Myooplasma Test kit).
]Hkmﬁ'qwﬂim:wpﬂsm‘,mpmpnredpﬁmmulh from the adipose
tismise derived stromal vasoular fraction (SVF) and myoblasts from wild type and
Db KXY mice. Briefly, 1o prepare primary S¥T cells, inguanal and visceral adipase
tismes were excised from mice and digested with 333 mgmlL " type 11 collagenase
(Mitta pelatin, type L) with gentle rocking in Iank's balanced saht solution for
6 min at 57 (. After sequential hitration throagh 40 and 100 pm Glers (GBI,
the bsdated S¥T odls were suspended in FIS and coltured im DMEM (GIBCO,
L1965 092) with 10% FES and PS. Myoblasts were cultured using the inllwing
growth medium in a colture dish coated with collapen type [ [IWAKL, 49020 10)
for 3 5 days: [Tam’s I 10 Mutrient Mix (GIBOO, 11550 043} containing 20 FES,
25 ngml ! bFGE (Katayama Chemical Industries, 1&1 0010 5), 1. glutamine,
penicillin, and streplomycin {Therme Fisher Saentihic, PS glutamime). For
myotuhe differentiation, the medium was changed to a differentiation medium
(5% horse serum in DMEM [GIRCO, 11995 065) with PS glolamine for 5 days.

Plasmid construction. Various expression vectors were subcloned either o
pclNAY (Invitragen), pEGPPC (Clmntech), or pdDNAG BioEase (Invitrogen)
using, conventional molecular bickgy techmigues and PCRY 2 The sequence of
Rab27a shBNA (5 GUTGOCAATGGGACAAACATA 5 was used*? and inserted
ino pelPMA G2 GWImiR wector {Invitrogen).

In the Bas experiments, we used 11 Ras expression veclor s= (Clontach, pOMY
Ras vedor, amd pCMY RasV12 \udn'r:-'l} GIFP ubiguitin was a gift from Nicn
Dantuma { Addpene plasmid ¢ 119281,

Establishment of U3 {knockowt; KD) mice. The targeting strategy is illu
siraled in Supplementary Fag. 2a. The targeting construct was linearised by Spel
digestion. CCE (12%5w/Ev) (a gift from Dr. I& Roberison) embryonic stem (1S)
cells were electroporated using a Spel linearised @rpeting vedor and sdected in
Crl1& lleteroeypous IS cells were injecied into the blasiocysts of CSTRLAG] sirain
mice o perm line chimers. Chimeric mice were backorossed with
CSTBLA] mice for 1) penerations. Genotypes were determined by Soathemn
blmting or by PCR using the dlwing three primers: UW3 KO 5, 5 AQOCA
GOTCCTCATGCATCGETAGA 3; Dbl KO 5, 5 OCACDCACTGOCTTTC
CCAGAAAC 3 and UBE KO Meo, 5 GUTGCAGGGTOGETOGGTETT 3. Al
procedures related 1o the care and treatments of animals were in accordance with
insiimtional and National Institoles of [ lealth guadelines and were approved by the
Animal Care and Use Commitbee at Fujita 1lealth University.

Antibodies. To oblain the rabbit anti UBLS antibody, 1.5 mg of gletathione 5
transerase (GST) fused moase UBLY probein expressed in badieria was imjected
four times each into nine rabbits. Reoombinant, exogenous, amd endogenous UGLS
proleins were specibcally recognised in only one rabbit’s serum. The serum was
passed throagh the GET colamn three times o remove non spechic antibodies. We
called the resulting flow throwgh (FT) the UBLS antiserum. To oblain 2 more
specific antibody for the UBLY protan, a polyclonal UBLS antiserum was passed
throagh the GET cumn. The resaltant 17T was further passed through a column
conjugated with a brain lysate from UBLS B mice 10 exdude the recognition of
other UBLs. The I'T was further purified using a GST UBLS osdumm. We called this
eluate the antd UBLS antibody. The antibodies nsed in the i were anli
GAPDIT (Cell Signalling, 1410, 1:1000), Flag M2 (Sigma, 3165, 10000},
Flotallin 1 (B0, Clone 18, 1:250), COE3 { Invitrogen, Ta65, 11000 for W, 110000
for [F), EEAL (BD), §10456, 1:5000), Rabl 1 (B0, 10656, 1:150), COXIV (Cdl
Sagnalling, 4850, 1:10040), Calnexin (Enzo, ADI SPA 60, 1:500), GM 130 (BD,
GROEEZ, 1:100), PMPTO (Thermo, PAL 650, 1:50000]), Lamin Bl (Abam, ablGME,
1:800), GP96 (Enen, 9010, 1:500), alpha Adtinin 4 (GeneTex, CHCE, 1:250),
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Calreticulin (Cell Signalling, 28%1, 1:500), Alix [Abnova, TI00010015 B2, 1250,
CI (Affypmetnix, 14 0091, 1:500; Invitrogen, Ts9, 1:500), alpha Tubalin (Sigma,
DMIA, L1000}, GFF (MBL, 598, 1:00; Tharmo, ALLTZE, 121000), pan Ras (Cdl
Signalling, 3559, L1000 Millipore, MABS195, 1:500), Phasphe ERE (Cell Sgnal
ling, 4370, 1:200]), horse radish peroxidase (1IEF) conjugated Streplavidin (Invi
trogen, 19534 0640, 1:5000), Alexa 488 or 555 conjugated antibodies (Thermo),
and [TRF compugated secondary antibody (eBinscience, Cell Signalling, and
Abram). In a diferential centrifugation experiment, we used the antibodies against
the follvwing markers: sEY markers, CO6S and CI9; maltiple BV marker,
Flotllin | and Allix; and non sEV markers, G, Adinin 4, Calreticalin, and
GAPD L. Chamiluminescenoe detection was performed wilth an image analyser
LAS 4000 with Image Reader LAS 4000 [Ver. 20) amd MultiGiauge software
(FUNFILM). Uncropped verson of exch image is shown in Supplementary Fag. 9.

i ion. T'or the detection of UBLS modilication, MDA MIE 251,
HEK2ST, and [lela cells were transfeced with DNA using Lipofectamine 2000
{Invitragen). After 24 or 72 b (Supplementary Fig. ), cells were washed and
cilected by scraping into ice cold PBS, pelleted by centrifugation at 400 = g for
I min at 4 *C, and lysed with 1% Triton batler (50 mM Tris 1801 [p11 7.4), 100 mM
NaZl, and 1% (viv) Triton X 100} for 20 min at 4 *C. Crude noclei and anbroken
cells were excluded by centrifugation at 20,000 x g for 5 min. In the experiment
using, hypotonic balier, atter being washed in ice cold PBS, cells were
in hypotonic buffer (10mM [TEPES [pl] 7.2], 10mM KCL 1.5 mM MgCl,, 0.1 mM
EGTA) and dismapled by a Ciounce homogeniser. Crude noda and onbroken cells

Condocal images were acquired with a 63x abjective lens (MA 1.4) on a confocl
laser microscope (Carl Feiss, LSM7R0 DAY NLOY, ¥EN X012 5F1 Ver. & 1 0. 0L
Representative images projected from several 0.5 pm interval sections were shawn,
each with a angle confocal image in the inset. Plucrescence intensty and cdl
marphadagy were measared with Figi (Image |). The percentage of UBLY was
calclated as: (%) — (the summation of the GFFF UELS signal in each organelle area
in each confocal section)/(the summation of the GIF UBLS signal in the total odl
area m each condool section) = 100

Transfer of PKHG67-labelled sEVs. Purified sEVs from MDA ME 231 cells were
labelled wsing 2 PK1I7 Green Floorescent kit (Sigma, PEIISTCGL IKT). sEVs were
incubated with 2 pM PEIKGT for 5min, and then washed five limes using a 100
k[ filter (Sartorios, ¥MOLT142) @0 remove excess dye. MDA MB 231 cells had
been seeded at a density of 1.2 % 10% cels per well onta poly 1 bysine ooated cover
glazses ina 24 well plate, allowed 1o attach overnight, and then were incubated with
PEIIET labelled 1V (1 pgml ") After 12 b, MDA ME 231 colls were fived with
4% PTA/PES lor 15 min; permeabilized/blocked with 5% goal serum and 0.5%
Triton X 100VPES for 20 min; incubated with anti pERK antibodies for 18 b at 4 °C
and secomdary antibodies for | b; and mounted with Aqua Poby/Maount {Poly
sciemces). Conbocal images were acquired with a 63x objective lens (MNA LA) ona
conbocal bser micrascope (Carl Xeass, LSM 710, ZEN 2009 Ver. 5. 5. 0. 0). Data
were analysed by using Fip {Image [}; the values of pERK agnal in PEIGT labelled
sEV incorporated cels were presented as the mean signal inlensity measured over
an area of 2.5 5pm? in a region of the cytoplasm adjacent to the nuclews, and then
normalised to the ape values of pERK in the bwo neighbouring PEIIGT labelled

were excluded by centrifugation at K00 < g for 5 min at 4 " For pre dearing, the
cell bysates were incubated with 20 pl. of Protein G sepharose beads (GE [ lealth
care) for | h at 4 *C with rolation. The resulting sopermatant was incubated with
2pg of anti Flag amtihody in 15 pl. of Protein G sepharose beads for 10 h at 47C
with rotation, or 20 pl of GFF Trap (ChromoTek) for | h at 4 "C without pre
clearing, After the beads were washed four times with ice oold wash butier (50 mA
Tris TTCY [pll 7.4, 100 mkd NaCT), 50l of 2x sumple buter (100 mM Tris 1101
Ipll 6.8], 4% SDS, 20% ghycerod, and 0.01% bromophenol blue, withawt 2 mer
capioetharol) was added wn the beads, and the heads were boiled for 3 min (EME

L. A portion of the samples was treated with 2 mercaptoethanal and boiled for
3mmin (BME+). These samples were blotted with URLY amtiseram (1000 dilution).
For the detection of endopenous URLY modification, 50 mg of froven lissue was
pulverized (BME, ShakeMan2) and homaogenized with RIPA bufier (50 mM Tris
TIC] [pIT 8.0], 150mM NaCl, 1% Nonidet P 40, 0.5% sodiom deoxycholate,
0% SD5) For pre dearing, the ol lymtes were incubated with 40 pl. of Protein
G sepharose beads for | h al 4 "C with rolation. The resulting sapematants were
incubated with anki UBLS antibody (1:1000 dilation) in 20 pl. of Prodein G
sepharnse beads for 10 b at 4°C with rtalion.

The method for the immune isolasen of sEVs using anbi O or CDHS
antibodies was referred 1o from Kowal | et al*l, Briefly, before performing the
immune isolation, antd CO9 (Millipore, MM2/57, 110}, anti CDG63 (BD, 11506,
150} ard oontrol mouse polydonal 1gG (Millipore, 12 371, 1:100) incubated with
L0} pl. af protein A magnetic beads (Thermo, 82845} for 16 b at 4 °C with rotation.
The resulting pratan A magnetic beads were washed three time with ice cold
000 1% Tween/PRS, resespended in 500 pl. of ke cold  00001% Tween/PES. Twe pg
purified sEVs were added o the magnetic beads and incubated for 16 b at 4°C with
rotation. Gead bound sEVs were onllected and washed three Gime in 500 pl. of ice
cobd 0L001% Twemn(PRS .

lior the detection of UEBLY inside the sIVs, sEVs were purihed trom the media
of biotinylaled tagged UBLS transfecied MDA MB 251 cells, washed with PBS or
505 buffer (S0mM Tris [0 [pl120], 150 mM NaCl, 1'% sodium deoxycholate,
1'% NF 40, 2% S0E), and then treated with streptavidin beads (Thermo, 29202).
The pulldown (FI) amd flow throogh (FT) fradions were analysed by western
bilntting with streplavidin [TEF or anti CIdG antibodies.

Mizcellaneous procedures. Tissue homopenisation and western blotting analysis
were performed using conventional methods"12, Laolation of membrane and
cytoplazmic protein fractions were perdormed lollowing the manufadurer’s pro
tocols (Fermentas, Protes]ET; Therma, Mem FER Ples kit). RNA parihcation,
reverse transcription rezction, amxd real time qPCR analysis (Takara Bio, Thermal
Cycle Dice (TPR0D), Thermal Cyde Dice Real Time System Ver. 5. 111} were
performed by conventional methads ! 42 Briefly, 1o detect mifNAs, cCONA was
generaled wsing an miScriptReverse Transcription Kt (QIAGEN). Expression of
miR 16, milt 23 and miR 21 was defected using an miScript SYBR Green PCR Kit
(CHAGEN) with the following primers 5’ TAGCAGCACOGTAAATATTGG 3 for
mik 16, 5 ATCACATTGOCAGGGATTTOC 3 for miR 25 and 5 TAGCTTAT
CAGACTGATGTTGA ¥ for miRt 21.

Immunocytochemistry. MDA ME 231 cdls were oo transecied with GFP UBL3
{wikd type or mutant) and IRFPE70 (morphalogical marker) wsing Lipolectamine
2000, Adter 24 b, cells were fixed with 4% PFAPDS lor 15 min; quenched with

0Ll M glycine/PES; permeabilized/blocked with 0.2% BSA, 2% goat seram, and

0L.05% sponin/PES for | b incubated with primary antibodses for 18 h at 4 "Cand
seonmndary antihodies for | h; and mounted with Agqua Poby'Moont {Polyscdenoes).
Lysnsomes were labelled with 50 pM LysoTracker Red (Thermo) for | b at 57 7.
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sEV unincorporated cells, in eadh image.

Immunoelectron microscopy. Sxllag UGLS (wild type or UBL3AL} or mock
transdecied MDA ME 231 cells were fived with 4% PPAPES for 50 min at 470,
and subsequently fived with 4% PTA and 0.1% gloaralddhyde (GANPTS for

30 min at 4°C. After being washed with PES, the cells were fiwed with 1% osmium
tetronides FBS for 50 min, dehydrated through a graded ethanol series, translerred
o buatyl giycdyl ether (Y 1), and embedded in epoxy resin (TAAR, EPONAL2)
Ultrathin sections were cut on an wiramicrolome (Reichert Missei, Ultracut W} at
100 nm thickness, placed on a nickel grid (VEC(, 3552), etched with 5% sodium
metaperindate for 10 min, and washed with PRS. The sections were imcubated with
anti Flag antibodies {1:100) for 2 b Aler washing with PRS, the sections were
incubated with 15nm gold conjugated goat anti mouse 1gG antibodies (Cyio
diagnostics, 1:50) for | he After being washed with PES, the sections were fixed in
15% GA/PBS for 10 min and washed with Milli b water o stabilise the antigen
antibody binding, The immunosiained sections were further stamed with wranyl
acetate for 3 min and lead atrate for | min, and then obsarved under a trans
mission electron microscope ([Machi, 11 Ta50, 11 7650 control Ver. 01. 10, EMIP
Wer. 05, (M). The namber of gold particles per unit ares in the MV, plasma
membrane, miochondnon, and nuclear membrane were coumbed.

Electron microscope analysis for sEWs. Ultramicrascopic analysis was performed
frllwing the conventional protocol with slight medification™, Briclly, the sEVs
isdated by the differantial ultracentrifugation protocol from the comditsened
medium of MDA ME 231 cells were mixed with 4% PPA/PES in equal amounts,
then depasited on eleciron micrascopy (EM) grids (Misshin EM, Excel Suppornt
Fibm). The sEVs an the M grids were washed with PES, further fixed for 5 min
with 1% GAML M phosphate buffer, and washed eight times every 2 min with
ultrapure water. The EM grid was negatively stained with 10% M siain (Misshin
Iiéd) and analysed using a transmission dlectron microsoope.

Isolation of EWs and RMA analyses. s[Vs were isplated from a oonditioned
medium according 1o the comventional with slight mindification ™, Briethy,
exosmme depleted PES {centrifuged for 16 h at 100,000 x g} was nsed to prepare the
conditioned medium. After incobation ko 24 b, the culture medivm (approxi
mately %0 ml from 3 < 1F cells) was collected and centrifuged an 300 g for

10 min at 4 " The supematant was centrifuged at 2000 = g for 20 min 2t 4 °C. The
supernatant was centrifuped apain 21 10,00 = g for 300min 22 4°C. To remave the
cellular debris, the supernatant was bltered throogh a 0222 pm ke (Millipare,
Millex GWV). The sEV pellet was then harvested by ultracentrifugation at 100,000 =
£ (Bedkman, SW32Ti rotor) for 700min ai 4°C. The sEV pelle was washed with 1
ml of PBS and collected by ultracentrifugation at 100N = g [Beckman, TLA 110
ratar) for &0 min at 4 " The sEV pdlet was again washed with | mL of PBS and
colllecied by ultracenkrifugation at 100,000 x g for 60 min at 4 °C, then

in PIES. Par the purification of the 2K, 10K and 100K pellets, a differential alira
centrifugation protocol was used?!. Brielly, exosome depleted FBS was used to
prepare the comditivned medium. Alter imcuhation for 24 b, the calture medimm
{approximately 90 mL from 3 < 107 cells) was collected and centrifuged at 500 = g
for 10 mim at 4 *C. The supernatant was centrifuged at 2000 = g for 20min at 4 "%
The resalting pellet was callad 2K pella. The supernatant was centrifuged again at
10,000 = g o 40 min at 4 "L The resalting pdlet was clled 10K pelle. The
supernatant was centrifuged by altracentrifugation at 100,000 =< g (Beckman,
SW3I2TH rotor) for 20 'mim at 4 "C. The resulting pellet was called 100K pellet. The
1K pelet was washed with | mL of PES and oollecied by altracentrifugation at
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L0400 < g (Beeckmnan, TLA LI robor) for 60 min at 4 "0 The 10K pdlel was
again washed with | mL of PES and collected by ultracentrifugation an 10000 = g
for 60 min at 4 °C, then resuspended in PRS. 2K and 10K pellas were washed with
30 ml of PBS, cemtrifuged at the same speed, and then resuspended i PBS.
Filtration throwgh 022 pm flters (Millipore, Millex GV) was additionally per
iormed before the purfcation of the 100K pellet. For the monse serom, after
erllection, whaole blond was alkvwed o clot by leaving it undisturbed for 30 min at
RT. To remave the ch, the whole blood was centrifuged twice at B0 < ¢ for
10 min. or the preparation of moase plasma, aber collection, the whole blood was
added 1o a heparin solution [Mochida Pharmaceatical, heparin Ma 5000 units per
5 ml), rotated shewly, centrifuged al 9100 < g for 5 min, and the supemnatant was
nsed a5 the plasma.

In mch experiment, the volume of serom from the Db KO mice was matched
o that of its wild type littermates (approximately 350 500 pl). The harvested
wrum was immediately diloted with an equal volume of PES and centrifuged at
2000 = g for 30 min at 47 The supernatant was centrifuged at 12,000 x g for
45 min at 4 *. The supernatant was dihted fivefold with PBS and then filtered
throagh a 0.X2 pm blter. The BV pellet was then harvested by wliracentrifugaison at
110,000 < g (Beeckman, SWS5Ti rotor) for M min ak 4 "0 The sEV pellet was
washed with | mL of PBS and collected by uliracentrifugation at W00 = g
(Beckman, TLA 100 rotor) for S0min at 4 "0 The sEY pellet was washed again
with | ml of PBES, collectad by altracentrifugation at L0040 < g (Teeckman, TLA
LIy rotor) for 600 min at 4 °C, and resuspended in PRS. To quantidy the ol RNA
amounts of serum sEVs, ENA was purihed from the whole serome sIEYs from each
mouse using the mikMNeasy Kit ((QLAGEN). The purified EMA solution was
measured by a Binanalyzer 2100 system (Agilent, 2100 Expert Ver. B. 02 08, 51648,
RMA G000 Pico kit). For real time qPCR analysis, the purified BNA sohstion (40%)
was reverse ranscribed imte complementary DNA (cDMA), and 10% of the
resulting cIVMA solution lor each miBNA was used in real time qPCR analysis.

Protein concentrations «f the serum, plasma, and cell lysales were measured by
RCA (Thermo) To quantity the protein concentration of the 2K, 10K, and 100K
pellets, each pellel was difuted with 2% 505 and measared by Micmo BCA
{ Therm).

Measuring total protein amount in the serum sEWs. Ten percent of the purihed
serum sEVs from each experiment was boiled with BME conlaining an SD¥% sample
buffer and separated by SD% polyacrylamide gd dectrophoresis. The resulting
gel was foed in 50% metharol and 10% acetic acid for M) min and washed in
10% methanol and 7% acetic acid for 30 min. The gel was stained in SYPRO Ruby
Gl Staim (Therma) for 3 hin the dark. The gel was washed in 10% methand and
% acetic acd for 30 min, and then washed in oltrapure water for 10 mine The gel
was then scanned uzing a fluorescence scanner (GE [ lmbthcare, Typhoon 94040,
Typhoon Scanmer Control Ver, 5.0} st 2t 532 nm. The usal protein intensity was
analysed using the Image] software.

Proteomics analyses. MDA MIE 231 cells were transfected with plasmids using
Lipndectamine M0, After 24 b, cells were washed and oollecied by scraping inio
e cold PBS, pelleted by centrifugation at 400 x g for 1 min at 4 "C, and hysed with
1% Triton bafler for 20 min 2t 4 " Crude nuclei and unbroken cells were excloded
by centrifugation at 20,000 x g for 5 min at 4 (2 Por pre deaning, the supernatants
were incuhated bwice with #0 pl. Protein (G sepharose beads (GE Healthcare,

0% sherry i lysis baber) for | h at 4" The supernatants were then incubated
with 50 pl anti Flag M2 affinity gel (Sigma, 50% slunry in lysis bulfer) for 16 b at
4", The brads were washed with 1% Triton bufier, washed three times with wash
buifer (50 mM Tris [I1C] [pIT7.5]) to remawe det mded i 200 pl
digestion bufier (2 M urea, 50 mM Tris 1ICI [pIT 7.4]. | mM DTT, 5mM iodoa
celamide, | pg of trypsin |Promega, V5280]), and incobated by shaking at 1200
rpm far 16 b 21 57 "0 The samples were acidibed with 22 pl ol 109% triffuoroacetic
acid [TFA) The peptides contained in the supernatanl were then taken by cen
trifugalion at 4800 = g for 30 sec. The peptides were desalbed by CLETip [Therma,
StageTips), dried by speadvac, and then resuspended in mass spectrometry bulfer
(2% acetonitrile, 0.2% TFA). Peptides were separated on a 50 cm reversed phase
codummn (75 pm inner diameter, packed in bouse with ReproSil Par CI8 AQ

1.9 pm resin |Dw. Maisch GmblI]) with a binary bafier system of bufier A

(0.1% #ormic acd (FA)) and buffer [ (80% acetonitrile plos 0U1% FA) over a 100
min gradient (5 30% and 30 65% of buther B for 95 and 5 min, respectively) using
the EASY nLC 100 system (Thermao) with 2 fow rate of 300 nl. parmin. Column
temperature was maintxined a1 50°C. The nllC system was coupled 10 a () Exactive
11l mass spectromeler [Thermahsher Scientilic), acquiring hall scans (300 1650 m/
=z, maximum inpection time 20 ms, resclubion S0,000 at 200 m'z) at a larget of 36
wms. The 15 most inlense ions were isolated and iragmented with higher energy
crllisional disseciation ([TC0Y) (target 1e5 ons, maximam mjection time 25 ms,
ispdation window L4 mz, NCE 27%, under fill ratio 0L1%) and detected in the
Orbitrap {resolution 15000 at 200 mfz).

Raw M5 fibes were processed within the Max(uant environment (Ver. 1.593)
using, the MaxLT() algorithm for label free quantification and the mtegrated
Andromeda search engine with FDR <001 at the prolein and peptide bevels a8
The =zarch included varmable modihcations for oxidised methsonine (M),
acetylatson (protemn N term), and fixed modihcations for carbamidomethyl (C). Up
b bwen missed cleavages were allwed lor protease digestion. Peptides with at least
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seven aming acids were consdered for mentibcation, amd ‘'match between runs’ was
enabled with a matching time window of 07 min o allow the quantification ol
MEI features which were nol identibed in each single measurement. Peplides and
profeins were kentibied using a UniProt FASTA datzbase from [lomo sapiens
(BN 5) containang 21051 entries.

The fredy available soltware PERSELS (Ver. 1.54.1) was used to perdorm all
statistical and biombvrmatics analyses |hitpd feww.persews framewerk.org]. The
proteins identified only by site modibcation or ksl in the decoy reverse database
and the contaminants were hiltered ouat before data anabysis. MaxLPC} intensities
were Laken for quantification amd transdrmed inlo log2 scale. Three biological
replicates of each pulldown were grouped, and a mimimem of three valid vahes
was required inal least one growp. Missing valoes were imputed based on 2 mormal
distrihation (width — 0.3, down shift — L8). MaxLPC} indensities were first =
scored, and samples were clustered it five clusters according b the Euclidean
mekric as a distance measure for odumn and row clustering (distance threshold —
221 Anmstatiens were added from Gene Ontology (G0 e enmchment. analysis
with a Benjamini [lochberg PR threshold of W02, Significance was assessed using
ANOVA analysis induding a permutation based FDE of 5% and an S0 vahse of 1.
The direction of Sgnificance was also assessed by the post hoc test with 5% FOE.
For pairwise comparison of groups, we sample Student’s 1 test (bwo sided) was
used including a permutation based FDE of 5% and an 80 valoe of 1. Fisher exact
test was applied by uxing p value for truncation with threshald valoe 002

Measurement of sEWs by particle tracking analysis. Manoparticle tracking
analyas (NTA) was carmied oat asing ManoSight LM IOLTS with 2 blue laser system
{Marnfight, Ameshary) on isolated seram sEV particles diluted 25 fald with
PREY. The system focuses a laser beam through a suspension of the particles of
inferest. They were visualised by light scattering using a conventional optical
microsoope aligned perpendicdardy to the beam axis, which collects light scattered
from every particle in the feld of wiew. A 60 5 video records all events for forher
analyss by WTA soltware. The Broswmian motion of each particle was iracked
between frames 1o caloolate its Sre using the Stokes Linslein equation. Each
mumple was measurad three times, amd we osed an averaged value for the statistical
analysis.

Skatistical analysis. Statistical analyses were carried out wsing Prism 603
(Ciraph Pad Soltware), Microsolt Excel, and PERSEUS (Ver. 1.54.1). The Mann
Whitneey test or Wikcoxon signed rank test and Kruskal Wallis/Dunn's multiple
cmparisons best were, respectively, applied lor comparisons between 2 groups and
3 or more groups excepd proleomics analyses. We used more than two independsnt
mmpdes for each experiment. [lorizontal bars indicate median valoes for each
.

Data availability
Proteomics raw dalasels are depossied in pPOST (mnder acocssion codes |FSTOMISL S,
PEDO0TELTL
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Proteome remodeling has proven to be a vital cellular mechanism in response to stress and
changes in environmental conditions. Therefore, understanding how the proteome changes at a
global level in response to environmental cues is crucial to uncover the underlying molecular
mechanisms that facilitate cellular adaptation. The yeast Saccharomyces cerevisiae is a powerful
model system for systems-wide investigation of changes to the proteome in response to a variety
of stresses and growth conditions. Indeed, large-scale proteomics screens were pioneered in the
yeast model and the proteomics community has achieved nearly comprehensive coverage for
this organism. Owing to advances in the mass spectrometry technology and new acquisition
modes, such as data-independent acquisition (DIA), we anticipate that it would now be possible
to obtain high yeast proteome coverage by a straightforward rapid single run approach. In this
study, we describe a systems biology approach employing plate-based sample preparation and
rapid, single-run data independent mass spectrometry analysis (DIA). Our approach enables
guantitative profiling of hundreds of largely covered yeast proteomes in only a few days. To
evaluate its capability, we comprehensively and quantitatively analyzed yeast stress response.
Furthermore, using our generic and robust methodology and an assay for protein degradation,
we identified and validated novel substrates of the GID E3 ligase, which is a major regulator of

cellular metabolism during the switch from gluconeogenic to glycolytic conditions.
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SUMMARY

The veast Saccharomyces cerevisiae 1s a powerful model system for svstems-wide biology screens and
to evaluate large-scale proteomics methods The proteomics communify has achieved nearly
comprehensive coverage for this orgamism owing to advances in the mass spectrometry technology.
However, it remains challenging to scale the technology for rapid and high-throughput analvsis of the
veast proteome to imnvestigate biological pathwavs on a global scale. Here we describe a systems biology
approach employing plate-based sample preparation and rapid, single-min data independent mass
spectrometry analysis (DIA). Our approach is straightforward, easy to implement and enables
quantitative profiling of hundreds of largely covered yeast proteomes in only a few days. We evaluated
its capability by characterizing changes in the yeast proteome in response fo a variefy of stresses.
Moreover, using our generic, rapid and robust methodology we identified and validated novel substrates
of the GID E3 ligase which is a major regulator of cellular metabolism during the switch from
gluconeogenic to glycolytic conditions.
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INTRODUCTION

Proteome remodeling has repeatedly proven to
be a wvital cellular mechanism in response to
siress, changes mn environmental condifions,
and toxins or pathogens. Cells nmst both
synthesize proteins which enable them fo adapt
to the new environmental condition. and
mactivate and'or degrade profeins which are
detrimental or no longer needed. For each
environmental perfurbation, the proteome mmust
be precisely and distinctly remodeled to ensure
healthy and wiable cells [1]. Indeed, decreases
in proteome infegnty are hallmarks of many
human diseases, including cancer, Alzheimer’s
disease, mmscular dystrophies, and cystic
fibrosis (reviewed in [2]).  Despite the
mmportance of cellular stress response, our
understanding of how cellular pathwavs interact
during stress adaptation remains mdimentary.
Therefore, understanding precisely how the
proteome changes at a global level 1n response
o environmental cues is crucial for identifving
the underlving molecular mechanisms that
facilitate cellular adaptation.

The weast Saccharomces cerevisice 15 a
powerful model system that 1s widely used to
probe biological pathwavs. due to its ease of
manipulation and rapid growth compared to
mammalian  models. In addition, the
availability of extensive genetic foolboxes in
yeast, including deletion libraries [3, 4], GFP-
tagged libraries [3]. and over-expression
libraries [6] has made veast a desirable model
system  for conducting  transcriptomcs,
proteonucs, or metabolomics screens. Indeed,
systems wide biology screens and large-scale
proteomics were both pioneered in the yeast
model and developments of more sensifive and
fast mass spectrometers have provided nearly
comprehensive coverage for this organism [7-
9]. For instance, the optinized sample
preparation coupled with MS  analysis
performed on the Orbitrap hybrid mass
spectrometer allowed identification of around
4000 yeast protein over a 70-min LC-MS/MS
nn [7. 8]. However, the necessity of

technological expertise and long analysis times
for the high-guality in-depth veast proteome
measurements has so far precluded the
widespread  adopfion of  cufting-edge
proteomics worldflows in the wveast research
community. With fiwther advances i
technology and new acquisition modes, such as
data-independent acquisition (DIA), we
anficipate that it would now be possible to
obtain very accurate and high veast proteome
coverage by a straightforward rapid single nn
approach, enabling researchers fto study
biological concepts on a global scale.

One ubiquitous mechanism for mamtaining
proteome integrity 15 the marking and
degradation of proteins that are damaged or no
longer needed with ubiquitin.  The conjugation
of ubicuitin to its targets is catalyzed by E3
ubiquitin ligases, a diverse group of enzvmes
that recognize and bind target proteins. and
facilitate ubiquitin transfer together with an F2,
ubiquitin conjugating enzvme. Ubiquitination
relies on a variety of cellular signals to direct E3
ligases to their target proteins, and fight
regulation of this process is crucial for cellular
viability [10]. For instance. during carbon
starvation, yeast cells induce expression of the
mnactive GID (glicose-induced degradation) E3
ligase. which is subsequently activated upon

glucose  replenishment. Following ifs
activation, the GID E3 ligase targets
gluconeogenic enzymes. leading to their

degradation. and allowing the wveast cell to
proceed with aerobic growth [11-13] In
addition. ubiquitin ligases also serve as crucial
regulators in response fo oxidative, heavy
metal, and protein folded stresses [14-16].
Despite the importance of ubicuitination in
response to cellular  perhurbation.  our

understanding of the E3-dependent responses to
cellular perturbation remains incomplete.

Here, we describe a systems biology approach
employing rapid, single-mn data independent
mass spectrometry analysis to comprehensively
map changes to the yeast proteome in response
to a varety of vyeast stresses. We investigate
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growth conditions commonly used in yeast
research. including growth media. heat shock,
osmofic shock, amino acid starvation, and
nitrogen starvation. We demonstrate that our
DIA-based approach is sensitive and robust
enough to detect quanfitative proteome
remodeling in response to stress. In addition
we apply our methodology to probe a specific
biological question- to idenfifv substrates of an
E3 ligase during a metabolic switch. The GID
E3 ligase is a major regulator of cellular
metabolism  during  the swiich from
gluconeogenic to glveolytic conditions [13, 17].
Here we show not only all known substrates of
the GID E3 ligase, but also two novel substrates
which display distinct patterns regulation.

RESULTS

Streamlined and scalable yeast proteome

analvsis  employing  data-independent
acquisition
Numercus  essenfial  cellular  pathwavs,

mecluding the cell cycle, metabolism proteins
quality confrol and degradation and signaling
pathways such as mitogen-activated protein
kinase (MAPK) and target of rapanyycin (TOR),
are conserved from yeast to umans, making
veast a powerful eukaryvotic model system [18-
21]. Rapid and robust yeast proteome profiling
will allow researchers to systematically and
comprehensively probe biological pathways. To
establish a fast and scalable single min analysis
approach for wveast proteome profiling we
explored data-independent acquisition (DIA)
stratery on an Orbitrap mass spectrometer
(Figure 1A). Unlike data-dependent acquisition
(DDA), a DIA method isolates co-eluting
peptide ions together in predefined mass
windows, fragmenting and analvzing all ions
sinmltanecusly [22]. a strategy that has been
shown to be crucial to overcome limited
capacity of sequential DDA enabling fast and
scalable  single-shot  analysis  workdflows
vielding substanfially higher number of
identified proteins with nprecedented
quantitative accuracy [23. 24]. To generate a
veast-specific and comprehensive spectral

library necessary for this approach, we have
grown veast under various growth and stress
conditions. After extraction and digestion of
proteins. we separated peptides obtained from
each condition by basic reversed-phase (bEP)
chromatography into 8 fractions (Figure 1A).
In total, we had &4 fractions (3 fiactions x 8
conditions) which were analyzed using a DDA
method with 23 min LC gradient and with the
Spectronaut software. This method together
with LC overhead time took about half an hour,
allowing the analysis of 45 samples per dav —
almost half a 96 well plate. Our library
comprised more than 74103 precursors which
mapped into 4,712 unique proteins, covering
87% of whole expressed vyeast proteome
according to the previous report that
computationally combined the wvast data
resource of 21 different large-scale proteome
datasets [23].

Combining with our in-depth spectral library,
23 nun DIA method on average identified
33.909 peptides and 3.413 distinct proteins in
single measurements of six replicates (Q-value
less than 1% at protein and precursor lewels,
Figure 1B-C). This implies that about 72% of
proteins in the deep yeast spectral library were
matched into the single mns. Note that the
library covers many profeome state and the
single nms only one, so the degree of proteome
completeness is likely nmch higher than 73%.
Measurements were highly reproducible with
Pearson coefficients greater than (.92 between
replicates (Figure S14) and CVs = 207 for
68% of all common proteins between the six
replicates.  Single mn  data-dependent
acquisition strategy with the same LC gradient
quantified only 11883 peptides and 2,289
distinct proteins on average (Figure 1B-C). To
directly contrast the performance of 23 min DIA
method to the DDA method we analyzed the
same sample with increasing gradient lengths.
We determined that we could reach the same
depth using DDA method only with at least 180
min long LC gradients (33.425 peptides and
3.435 proteins) (Figure 1B-C). Thus, the DIA
method allows us fo obtain comparable
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coverage to DDA in high throughput and in-
depth fashion in almost one-tenth of the analysis
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Figure 1. Fast and scalable veast proteome analysis using data-independent acquisition

A Expenimental workflow for yveast spectral library construction (left panel) and fast. single mmn DITA -
based analysis of veast proteome (right panel). B. Number of identified proteins using DDA with
varving LC gradient lengths compared to 23nun DIA. C. Cunmilative number of identified unicue yeast
peptides over time using DDA with varying LC gradient lengths and 23min DIA methods. D Number
of quantified proteins in stress conditions. E. PCA of stress conditions along with their biological
replicates based on their proteomic expression profiles. F. Volcano plot of the (-loglD) p-values vs. the
log? protemn abundance differences between veast grown in YPD vs. SC. The proteins marked m red
change significantly (T-test, FDR < 3%). G. GO-ferm enrichment in the YPD vs. 5C fold change
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dimension (1D enrichment. FDR < 5%). Terms with positive enrichment scores are enriched in YPD
over SC and vise versa.
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Figure 2. Large-scale and quantitative analysis of veast proteomes under different stresses

A Heat map of z-scored protein abundances (log2 DIA intensities) of the differentially expressed
proteins (ANOVA, FDR<0.01) after hierarchical clustering of stress conditions performed in YPD.
Fisher exact test was performed to identify significantly enriched GO-terms in the most prominent
profiles (FDR < 5%). B. Correlation of log2 fold-changes of the all quantified proteins in HS experiment.
The proteins that change significantly in either 37°C or 42°C compared to 30°C YPD control are colored
in red (T-test, FDR < 5%). C. Volcano plot of the (-logl0) p-values vs. the log2 protein abundance
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differences between glucose starvation (ethanol) vs. YPD. Red dots indicate significantly different
proteins, determined based on p value = 0.03 and at least 4-fold change on both directions. . GO-term
enrichment in the ethanol vs. YPD fold change dimension (1D enrichment. FDR < 3%). Terms with
positive enrichment scores are enriched in stress condition over YPD confrol and vise versa.

Large-scale and quantitative analysis of
veast stress response in half a day

Using our DIA-based systems biology
approach, we next comprehensively and
quantitatively analyze proteome changes
response fo various stresses in veast. FEach
condition was processed i three biological
replicates and — affer tryptic digestion — the
peptides were analyzed in single mns using our
rapid DIA method. We quantified 3,506 distinct
proteins in total (Figure 1D). Reproducibility
was high with Pearson correlations = 093
between the three biological replicates (Figure
S1B). Strikingly, over 90% of all detected
profeins were consistently quantified at varying
levels across all condifions (Supplementary
Table 1). Principal component analysis (PCA)
demonstrated that the first component
segregates the conditions, mainly growth media
and accounts for 13% of the variability (Figure
1E).

We first looked more closely at the differences
in protein expression during growth in YPD
(Yeast extract peptone dextrose; rich media)
and SC (Synthetic complete media). the two
most common growth media used in yeast
research. Dhring growth in YPD), the three most
significant proteins (Sitl, Ctrl, and Enbl) are
regulators of copper and iron transport (Figure
IF (right), 1G), consistent with the fact that
copper and iron are limiting factors for the
growth of veast at more alkaline pH [26].
Conversely, during growth in SDC, many
mitochondrial proteins were  upregulated
compared to YPD (Fisure 1F (left), 1G).
imncluding the cytochrome ¢ oxidase subumnits
Cox8, Cox2, and Cox5a, the mitochondrial ATP
synthase, Atp20. and the mitochondrial
aminopeptidase, Icp55. Because yeast cannot
synthesize mitochondria de nova, they instead
reproduce through fission and nmst be inherited
by danghter cells during cell division [27]. The

upregulation of many mitochondrial proteins 15
thus consistent with the faster growth rate of our
veast strains in SDC, compared to YPD.
Because the choice of media is often considered
crucial in experimental design knowledge of
how the proteins in a pathway of interest night
be differentially regulated in different media
will provide an important resource for yeast
researchers.

Next. we investigated proteome changes in
veast grown under various stress condifions.
Here. we focused on those commonly ufilized
in veast research: heat shock, osmotic shock,
carbon starvation, amino acid starvation. and
nifrogen starvation ~— As  expected, each
produced a discrete stress response, resulfing in
synthesis or degradation of a distinct set of
proteins (Figure 2A, S2A-F). For example, we
found that veast cells grown under heat shock
induce expression of chaperones and sfress
response  proteins, a  well-characterized
response that allows the cell to quickly recover
from global heat-induced protein misfolding
[28, 29]. Importantly, our DIA method also
reveals that the heat shock response is “dose
dependent’, with higher induction of the stress
response at 42°C compared to 37°C (Figure 2A
(teal cluster), 1B).

In addition to temperature, carbon source is a
crucial determinant of weast growth. We
compared the proteomes of veast grown in the
aerobic carbon source, glucose (YPD)). with the
non-fermentable carbon source ethanol Yeast
will preferentially metabolize aerobic carbon
sources, such as glucose, when they are present
in the media. When only non-fermentable
carbon sources, such as ethanol, are present,
veast cells will metabolize them through several
pathways, including gluconeogenesis o
generate ghucose, and conversion of ethano] into
pymuvate to allow for ATP generation in the
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mitochondna wia the tricarboxylic acid cycle
[30-32]. Consistent with this, we observe a
general upregulation of mitochondrial proteins,
and those involved in the tricarboxylic acid
cycle dunng growth in ethanol (Figure 2A,
light blue cluster). In addition. manv proteins
mvolved in carbon metabolism are
differentially regulated in glucose and ethanol
containing media. For example, we see more
than 16-fold upregulation of the gluconeogenic
enzymes Fbpl, Pckl. and Icll (Figure 2C). In
the absence of glucose. both Hxt7. a glucose
transporter, and Hxkl, a hexokinase are
upregulated (Figure 2C, D), allowing the cell to
quickly import and metabolize any glucose in
the environment. These results are consistent
with the idea that yeast have “anticipatory”
programing, which not only allows them fo
adapt to current stressor, but also facilitates a
rapid response fo firure shifts in environmental
conditions [33]. Moreover, here we not only
identify the proteins that specifically alter in
response to a shift in environmental condition
but also accurately determine their fold change,
giving valuable insight into the protein content
under different stress and growth conditions.

Taken together, our results indicate that our fast
and robust DIA-based approach can reliably
and quanfitatively retrieve the known
differences and even reveal new and
biologically meaningful regulation of protein
expression, and  thereby  provide a
comprehensive resource for veast researchers
and a valuable platform to support future studies
and quantitative biology.

Determining how the veast proteome
changes globally under glucose starvadon
and recovery

To gain better insights into how yeast regulate
metabolism in response to carbon source, we
next expanded our analysis to investigate the
changes in the veast proteome during glucose
starvation and glucose recovery. Y east cultures
were first grown to logarithmic phase in
glucose, then switched fo media confaining
ethanol as a non-fermentable carbon source.

Following 19 hours growth in ethanol, glucose
was replenished and the veast were allowed to
recover for 30 minutes or 2 hours (Figure 3A).
Onr rapid and robust DLA worldflow quantified
3,602 distinct proteins i total. PCA analysis
demonstrated that the first component
segregates the growth conditions, with growth
in ghicose being largely separated from the
ethanol and recovery conditions (Figure 3B,
53A). To further investigate the regulation of
metabolism during growth in alternate carbon
sources, we compared the proteome changes
with that in the transcriptome. PCA analysis of
the transcriptome also shows that the first
component separates the growth conditions.
Interestingly. in this case the cells growing in
ethanol are largely separated from the glucose
(never starved) and glucose recovery conditions
(Figure 3C, 53B). suggesting that under these
conditions. veast cells rapidly remodel their
gene expression first through rapid changes in
transeription. which facilitates production of
new proteins, followed by tumover of existing
proteins that are no longer required.

Several regulatory mechanisms hawve been
identified which contribute to carbohydrate
metabolism  including allosteric regulation
reversible  enzyme inactivation  through
covalent modifications. and ureversible loss of
enzyme activity through proteolysis (reviewed
in [34]). Importantly, we observed that protein
turnover during glucose recovery occurs rapidly
and in less than one cell division. suggesting an
active mechanism of protein degradation. One
such mechamism that has been well-
characterized by our group and others is the
ubiquitination and degradation of
gluconeogenic enzymes by the GID (glucose-
induced degradation) E3 ubiquitin ligase. The
GID ligase is present at low levels in all growth
conditions. however during growth in ethanol,
most of the GID subunits are induced leading to
the formation of an inactive anficipatory
complex: GIDA= Following glucose
replenishment, the substrate receptor, Gid4, is
rapidly induced and joins the complex [11].
facilitating the recogmition of the gluconeogenic
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proteins Fopl, Mdh?, Icll, and Pekl via the Pro
N-end pathway (Figure 3D [12]. Indeed, our
DIA analysis confirmed that most components
of the GID E3 ligase are upregulated around 4-
fold during growih in ethanol. with the
exception of Gid4, which iz rapidly and
transiently upregulated around 2-fold within in
30 mumites of glucose replendshment (Figure
3E).

Intripningly, PCA analysis of mndividual
profeins revealed that the known substrates of
the GID E3 ubiquitin ligase, Fbpl. Pckl. Icll
and. to a lesser extent, Mdh? are major
contributors to the segregation based on growth
condition (Figure 3F). While the GID E3
ligase 1s known to be an important contributor
to the regulation of yeast metabolism during the
switch from gluconeogenic fo glycolytic
conditions, and is thought to have additional
substrates, the lack of an obvious phenofype in
GID nmitants has made identification of further
substrates problematic. Thus, we applied our
rapid and robust DIA-based methodology tfo
search for novel substrates of the GID E3 ligase.

Identifying novel GID ligase substrates
during recovery from carbon starvation

We compared the transcriptomes and proteomes
of wildtvpe veast to veast containing either a
(id4 (substrate receptor) deletion or a id2
mrtant (Gid2%%4) which inactivates the RING
domain  and thereby inhibits  substrate
ubiquitination [11], grown under the glucose
starvation and recovery conditions described
previously. Each condition was measured in
friplicates using the rapid DIA method,
resulting in the gquantification of 3,602 distinct
profeins in total (Figure 4A). Importantly, there
were no GID-dependent differences in mRNA
levels following glucose replenishment (Figure
S4A), demonstrating that the GID E3 ligase
does not regulate any aspects of protein
synthesis. but rather regulates the fate of
existing proteins. To confirm that our DIA-
based approach would be able to recognize bona
fide GID substrates, we first examined the
expression patterns of the lmown substrates

Fopl and Mdh? Indeed, in wildtype cells,
Fbopl and Mdh? proteins are induced duning
growth in ethanel and then rapidly furned over
within two hours of glucose recovery, with
Fopl and Mdh?2 showing around §-fold and 5.7-
fold reduction, respectively, in protein levels in
wildtype veast. As expected. both proteins are
also stabilized m the GID4-deleted and gd2-
mntant cells (Figure 4B, C), confirming that we
can robustly identify changes in expression of
known substrates.

To identify novel substrates, we searched for
proteins with an expression profile similar to the
known substrates based on the following
criteria: 1) the protein should be expressed more
highly in ethanol than ghicose, 2) the protein
levels should decrease during glucose
replenishment, and 3) after two hours of glucose
replenishment, the protein should have a higher
expression level in the GID4-deleted and/or
md?-mmtant cells, compared to wildtvpe
(Figure 54B). Application of these criteria
provided a list of 31 proteins, including all four
known GID substrates known so far (Fopl,
Mdh2, Pckl, and Iell) (Figure S4C). To further
narrow the candidate proteins. we required a
proline in the second or third position a genetic
and structural requirement of all kmown
subsirates [11, 12, 35]. This provided us with a
list of 7 proteins: the 4 known substrates, the
transcription factor Azfl, and the metabolic
enzymes Arol) and Acsl (Ficure 4D)
Interestingly, Azfl has been implicated in
regulation of GID4 transeription  [34].
suggesting ifs upregulation in the GID deficient
cells. mav be a cellular compensation
mechanism  However, because we did not
observe any GID-dependent changes to mEMNA
expression (Figure 54A), we elininated Azfl
from further analysis. Acsl was significantly
stabilized in both the GID4-deleted and gd2-
mtant  cells, whereas Arol0 was only
significantly stabilized in the gid2-nmitant.

In order to validate Arol0 and Acsl as novel
subsirates im vivo, we used the promoter
reference  techmicque [37], a transcription
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mndependent method to examine protein
umover. In this method, wveast cells are
transformed with a plasmid expressing the test
substrate and the control protein DHFE from
identical promoters. The transcribed products
carry  tetracycline-binding ENA  aptamers
which inhibit protein expression at the level of
franslation  following the addition of
tetracycline to the media. Thus, the fate of the
existing protein can be monitored. Importantly,
this method only ternunates syvothesis of our test
proteins, thus the induction of Gid4 and

activation of the GID) complex is not impaired.
In agreement with our proteomic findings, the
Acs] protein i3 completely stabilized in both
GID2- and GID4-deleted cells (Figure 5B, D).
while Arol0 protein is stabilized m GID2-
deleted but not GID4-deleted cells (Figure 5C,
E). confirming that Acsl and Arol0 protein
levels are regulated by the GID ligase during
recovery from carbon starvation  This
demonstrates that Acsl and Arol0 are novel
GID substrates in veast.
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Figure 3. Global proteome changes of veast under glucose starvation and recovery

A Application of our rapid and robust DIA workflow for veast proteome profiling under ghucose
starvation and recovery. B-C. PCA plot of growth conditions along with their biological replicates based
on their protein expression (B) and mENA abundance (C) profiles. I). The GID E3 ubiguitin ligase is a
key regulator of the switch from gluconeogenic fo glycolytic growth as it degrades the gluconeogenic
enzymes Fopl, Mdh?, Icll, and Pckl. E. Heat map of z-scored protein abundances {log?) of the GID
complex subunits under ghicose starvation and recovery in WT yeast cells. F. PCA plot of proteins
during glucose starvation and recovery. Proteins marked in red represent the known GID complex

sibstrates.
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Figure 5. In vive validation of novel GID substrates

A Schematic of promoter reference technique. B. Representative westemn blot for Acs] degradation. C.
Representative western blot for Arol0 degradation. D-E. Quantification of Acsl (D) and Arol0 (E)
degradation, based on at least 4 independent replicates. Bars represent mean values, and error bars

represent standard deviation

DISCUSSION

Here we describe a straightforward, streamlined
and reproducible systems biology approach for
veast proteome profiling using  data-
independent acquisition (DIA) to analyze
biological pathways omch faster and with
greater depth. Our minimalistic worlflow
employs plate-based preparation of digested
veast cell lysate and requires only a few
micrograms of yeast as input, and no labeling or
special equipment. making it especially
amenable for application in non-specialized
research groups. Despite its simplicity, our
sample preparation workflow combined with
the DIA techmology provides a sensitive and
scalable approach to quantitatively profile
hundreds of largely covered veast proteomes in
only a few days. We still anticipate that our
approach can be made more robust and
streamlined using the lafest advances in
nanoflow liquid chromatography, especially the
new LC system Evosep, as it significantly
reduces the overhead time between sample pick
up and start of MS measurement by using pre-
formed gradients that already contain the

sample [38].

The ability of cells to adapt to stress or changes
in environmental conditions relies on extensive
proteome remodeling.  Understanding these
changes provides broad imsight info the
molecular mechanisms underlying many
processes. resolufion of heat stress, and
adaptation to nutrient availability, and
regulation of cell division Therefore, we
applied our DIA-based approach to profile
protein level response of yeast fo several stress
and growth conditions, which also

11

demonstrated the robustness and specificity of
our approach, and provided an in-depth

resource identifyving proteomics changes during
conunon stress treatments in veast, expanding
the kmowledge on stress mediators regulated at
the protein level.

In addition to identifying proteome changes
during stress, we have also applied our DIA-
based systems biology approach to identify
novel proteins that are regulated by the GID E3
ubiquitin ligase. Dhring growth on non-
fermentable carbon sources, veast cells require
glucose production through gluconeogenesis.
However, in the presence of glucose, this
energetically costly pathway 1s fiutile and nmast
be deactivated. The GID E3 ubiquitin ligase isa
key regulator in this switch [17. 32, 39]. The
GID ligase has been shown to be required for
the degradation of the gluconeogenic enzymes
Fopl. Mdh2. Icll, and Pckl [13]. GID 1s an
gight-protein complex. which iz conserved
thronghout eukaryotes, inchiding mammalian
cells, where it is termed the CTLH complex
[40]. It is expressed in all growth conditions
tested and consists of an inactive anficipatory
complex (GID*™), which is activated by binding
of the substrate receptor Gid4 [11, 12, 39]
Despite the importance of the GID complex in
metabolic  regulation,  idenfification  of
additional substrates has been hindered by the
lack of an obwvious phenotype. and the variable
kinetics of protein degradation. Owr DIA
workdlow identified two novel proteins that are
regulated by the GID complex: Acsl and
Arol0, further highlighting the importance and
need of such quantitative proteome datasets to
provide basis for functional studies.
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Interestingly, both Acsl and Arol0, wile not
considered  gluconeogenic  enzvmes, are
important regulators of metabolism and cellular
respiration during anaerobic growth Acsl
encode one of two 1soforms of veast Acetyl-coA
synthetase, which catalyzes the formation of
acetyl-coA from acetate and coA. Acsl hasa
much higher affinity for acefate than its
isoform. Acs2. making it more desirable for
acetyl-coA production when acetate is limiting,
as 15 the case during growth on non-fermentable
carbon sources. During growth in aerobic
carbon sources, such as ghicose, acetyl-coA is
generated from pyruvate following glycolysis
and thus, the main energy flux does not require
Acs fimction [41]. Therefore, during growth on
ghucose, Acsl expression is suppressed and
existing Acs] protein nmst be inactivated and
degraded. Here, we have shown that the GID
E3 ligase is required for Acsl degradation
through both its RING-confaining subunit,
(51d2, and its substrate receptor Gid4.

Arol0 is a phenylpvruvate decarboxvlase that
catalyzes an irreversible step in the FErlich
pathway, which breaks down amino acids info
fusel acids and firsel alcohols. During growth
in non-fermentable carbon sources, the Erlich
patlvway provides a more energetically
favorable means of NADH regeneration
However, following the replenishment of
glucose, NADH is regenerated through
glveolysis, and thus Arol0 funcfion 1s no longer
required [42, 43]. Here. we show that Arol0
tumnover is dependent on the catalvtic activity of
the GID complex, via its RING-domain, (id2.
Intriguingly. Arol0 is the first protein

12

identified, where turnover is dependent on
Gid2, but not on the substrate receptor Gidd,
suggesting an alternate mode of recognition
Indeed. an additional substrate receptor, Gid10,
has recently been identified [44], raising the
possibility that Arol( may be the first substrate
identified 1n this novel recognition pathway.
Alternatively, Arol0 degradation mav be
facilitated by a vet uncharacterized mechanism

We have identified two novel metabolic steps,
enfrance into the tricarboxylic acid cycle and
the Erlich pathway, which are regulated by the
GID E3 ligase during the switch from
gluconeogenic to glycolytic growth conditions.
Furthermore, we have provided in-depth
resource on stress mediators regulated at the
protein level, which, we believe, will further
allow vyeast researchers to probe mmerous
biological pathwavs of interest. Thus, the speed
and reproducibility of the DIA-based approach
presented here allows researchers to probe
complex biological pathways and identify novel
regulatory mechanisms. Our approach should
be applicable to other organisms, generating
high-quality quantitative proteome datasets
which are required o explain biological
processes on a system-wide level Given that
the expressed lmman proteome (around 15 479,
hitps:/"www proteomicsdb.org) is around three
times larger than the expressed yeast proteome
(5,391, [25]). with only three fold increase in
sensitivity, if is possible that nmch of the human
proteome will also be analyzable by fast single
mn approaches.
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Supplementary Figure 1. Reproducibility of our worldflow

A. Correlation based clustering illustrating the reproducibility between workflow replicates. High (0.98)
and lower (0.9) Pearzon correlations are denoted in red and grey, respectively. B. The correlation plots
tlusirating the reproducibility between biological replicates in the veast stress experiment. Pearson
correlation coefficients are shown in the upper left cormner.
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Supplementary Figure 2. Mapping changes to the veast proteome in response to osmotic shock,

and amino acid and nitrogen depletion

Volcano plot of the (-logld) p-values vs. the log? protein abundance differences between OS5 vs. YPD

(A), AA-Ntvs. SDC (C), and AA vs. SDC (E). The significant proteins (red dots) are determined based
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on p-value < 0.05 and at least 4-fold change on both sides. GO-term enrichment in the OS vs. YPD (B),
AANtvs SDC (D), and AA vs. SDC (F). fold change dimension (1D enrichment. FDR_ < 5%). Terms
with positive enrichment scores are enriched in stress condition over YPD or SDC control and vise
Versa.

protein mRNA
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Supplementary Figure 3. Global proteome and transcriptome changes of veast under glucose
starvation and recovery

A-B. Heat map of z-scored and differentially regulated proteins (A) and mBINAs (B) (log2) in wildiype
veast during glucose starvation and recovery.
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Supplementary Figure 4. Identifving GID ligase targets during recovery from carbon starvation
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15

185



DIA-based systems biology approach unveils novel substrates of the GID E3 ligase in
response to a metabolic shift

METHODS

Yeast Strains and Growth Conditions

All veast strains used in this sudy are
derivatives of BY4741 and are listed in Table 1.
For rich conditions. veast culfiures were grown
in YPD (1% yeast extract, 2% peptone, 2%
glucose) or SD (0.67% weast nitrogen base
without amino acids, 2% glucose, confaining
the appropriate amino acid supplements) media.
Unless otherwise specified. veast were grown at
30°C. For heat shock conditions, veast cultures
were grown in YPD to an ODisg of 1.0 and then
shifted to the indicated temperature for 1 hour.
For osmotic shock conditions, yveast cells were
grown 1n YPD to and ODygy of 1.0, pelleted at
3.000pm for 3mun, and resuspended at an
ODg of 1.0 in pre-warmed YPD + 0.5M NaCl.
For glucose starvation, yeast cells were grown
m YPD fo an ODgw of 1.0-2.0, pelleted at
3.000rpm for 3 min washed once with YPE
(1% weast extract, 2% peptone, 2% ethanol),
resuspended in pre-warmed YPE at an ODgy of
1.0, and grown at 30°C for 19 hours. For
glucose recovery, yeast cells were pelleted after
19 hours growth in YPE, and resuspended to an
ODiso of 1.0 in YPD, and allowed fo grow at
30°C for 30 mimrtes or 2 hours.

For proteomics analysis, 50 ODs of cells were
pelleted at 3,000rpm for 3 numites, flash frozen
in liquid nifrogen. and stored at -80°C until
Iysis. For transcriptomes analysis, 10 ODs of
veast were pelleted. flash frozen in liquid
nitrogen. and stored at -80°C. Samples were
shipped to Novogene (Hong Kong) for RMNAzeq
analysis.

Protein Degradation
reference technique)

Protein degradation assays using the promoter
reference techmique were done as previously
described [37]. Cells were transformed with
plasmid expressing a test substrate and DHFE.
from  identical  promoters — confaining
tetracycline-repressible ENA-binding
elements. Yeast cells were then grown in 5C
media lacking listidine. starved m SE (2%

Assavs  (promoter
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ethanol) media lacking histidine for 19 hours,
and then allowed to recover for the indicated
times in SC media lacking histidine. At each
time point, 1.0 ODs of veast cells were pelleted,
flash frozen n liquud nitrogen and stored at -
80°C unfil Tysis.

For Iysis, veast cells were resuspended in 0 8mlL
of 0.2M NaOH., followed by incubation on ice
for 20 min, and then pelleted at 11,200xg for 1
min  The supemnatant was removed and the
pellet resuspended in S(ul. HU buffer. and
incubated at 70°C for 10 mun. The lysate was
precleared by centrifugation at 11.200xg for 3
min, and then loaded onto a 12% SDS-PAGE
gel  Protein samples were transferred to
nitrocellulose membrane, and then visualized
by western blot using oFLAG (Sigma, F1804)
and oHA (Sigma H6908) primary antibodies,
and Dwlight 633 goat anti-Mouse (Invitrogen
35512) and Dylight 488 goat anti-rabbit
(Invitrogen 35532) secondary antibodies.
Membranes were imaged on a typhoon scanner
(Amersham)  Bands were gquanfified with
ImageStudio software (Licor).

Sample preparation for MS analysis

SDC Iysis buffer (1 % SDC and 100 mM Tris
pH 8.4) were added to the frozen cell pellets to
achieve a protein concentration of ~2—3 mg per
ml Lysates were immediately heat-treated for 5
min at 95 °C to facilitate lvsis and fo inactivate
endogenous proteases and transfreed fo a 96-
well plate. Lysates were next homogenized with
sonication.  Protein  concentrations  were
estimated by tryptophan assay [45] and then all
samples were diluted o equal protein
concentrations i a 9§-well plate. To reduce
and alkylate proteins. samples were incubated
for 5 oun at 45°C with CAA and TCEP, final
concentrations of 10 mM and 40 mbl
respectively. Samples were digested overnight
at 37°C using trypsin (1:100 wiw, Sigma-
Aldnich) and LysC (1/100 wiw, Wako). The
following day. peptide material was desalted
using SDB-FEPS5 StageTips (Empore) [43].
Briefly, samples were diluted with 1% TFA in
1sopropanol to a final volume of 200 pl and
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loaded onto StageTips, subsequently washed
with 200 pl of 1% TFA in isopropanol and 200
nl 0.2% TFAS 2% ACN. Peptides were eluted
with 80 pl of 1.25% Ammonmm hydroxide
(NH40H) 80% ACN and drnied using a
SpeedVac centrifuge (Eppendorf Concentrator
plus). Samples were resuspended in buffer A*
(0.2% TFA/ 2% ACN) prior to LC-MS/MS
analysis. Peptide concentrations were measured
optically at 280nm (Manodrop 2000, Thermo
Scientific) and subsequently equalized using
buffer A*. 300ng peptide was subjected to LC-
MS/MS analysis.

To generate the spectral library for DIA
measurements cells were Iysed i SDC buffer,
followed by sonication profein quantification,
reduction, and alloylation and desalting using
SDB-EPS cartridges (see above). Around 8 or
30 pg of peptides were fractionated into 8 or 24
fractions, respectively, by high pH reversed-
phase chromatography as described earlier [46].
Fractions were concatenated automatically by
shifting the collection tube during the gradient
and subsequently dried in a vacimm centrifuge
and resuspended in buffer A*.

LC-MS/MS Measurements

Samples were loaded onfo a 20 cm reversed
phase column (73 pm inner diameter, packed i
house with ReproSil-Pur C18-AQ 1.9 um resin
[Dr. Maisch GmbH]). The column temperature
was mamfained at 60°C using a homemade
column oven A Dbinary buffer systeny
consisting of buffer A (0.1% formic acid (FA))
and buffer B (80% ACN plus 0.1% FA), was
used for peptide separation, at a flow rate of 430
nlimin An FASY-nl.C 1200 system (Thermo
Fisher Scienfific), directly coupled online with
the mass spectrometer () Exactive HF-3[
Thermo Fisher Scienfific) via a nano-
electrospray source, was emploved for nano-
flow ligud chromatography. We used a
gradient starfing at 5% buffer B, increased to
35% 1n 18.5 nunutes, 95% mn a nun and stayed
at 953% for 3.5 minutes. The mass spectrometer
was operated in Topl( data-dependent mode
(DDA) with a fill scan range of 300-1650 m'z
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at 60,000 resolution with an aufomafic gain
control (AGC) target of 326 and a maxinmum fill
time of 20ms. Precursor ions were isolated with
a width of 14 m'z and fragmented by higher-
energy collisional dissociation (HCD) (NCE
27%). Fragment scans were performed at a
resolution of 15000, an AGC of 1e5 and a
mavinmm injection time of 60 ms. Drmamic
exclusion was enabled and set to 30 s. For DIA
measurements full MS resolution was set to
120,000 with a full scan range of 300-1650 m/'z.
a maanmim fill time of 60 ms and an automatic
main control (AGC) target of 3e6. One full scan
was followed by 12 windows with a resolution
of 30,000 in profile mode. Precursor 1ons were
fragmented T©v  stepped  higher-energy
collisional dissociation (HCD) (NCE 255,
27.30%).

Drata processing and bicinformartics analysis
Spectronant version 13 (Biognosys) was used to
generate the speciral libranies from DDA mmns
by combimng files of respective fractionations
using the veast FASTA file (Swissprot, 2018).
For the generation of the proteome library
default seftings were left unchanged. DIA files
were analvzed using the proteome library with
default settings  and enabled cross nmn
normalization.  The Persens software
package wersions 1607 and 1609 and
GraphPad Prism version 7.03 were used for the
data analysis [47]. Protein infensities and
mENA abundances were log2-transformed for
further analvsis. The data sets were filtered to
make sure that identified proteins and mENAs
showed expression or infensity in all biological
triplicates of at least one condifion and the
missing values were subsequentlv replaced by
random numbers that were drawn from a normal
distribution (width=0.3 and down shifi=18).
PCA analysis of stress and growth conditions
and biclogical replicates was performed as
previously described in [48]. Multi-sample test
(ANOWVA) for determining if any of the means
of stress and growth conditions were
sipnificantly different from each other was
applied to both mFMNA and protein data sets. For
truncation, we used pernmtation-based FDE
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which was set to 0.03 in conjunction with an 50-
parameter of 0.1 For hierarchical clustering of
sigmificant genes and proteins, median protein
or transcript abundances of biological replicates
were z-scored and clustered using Fuclidean as
a distance measure for row clustering. GO
annotations were matched to the proteome data

Table 1: Strains used in this study

based on Uniprot identifiers. Annotation term
enrichment was performed with either Fisher
exact fest or 1D fool m Persens. Annotation
terms were filtered for terms with an FDR of 3%
after Benjamini-Hochberg correction.

Strain Genotype Reference
BY4741 MATa his3AI lew2A0 meil3A0 ura3A0 Euroscarf
CRLY12 | BY474] GID4: EANMY This study
CRLY3D | BY4741 GID2: EKANMY This study
CRLY131 | BY474] gid2:: 3xFLAG-GID2K3654 Qiao, 2020
Table 2: Plasmids used in this study
Plasmid Reference
CRLP47 | pRS313-Prom(modified)-Aro10smae-CYC-prom(medified)- This study
82:DHFRpe-CYC
CRLP48 pRS5313-Prom(modified)-Acs e CY C-proms(modified)- This study
faz DHFRpa-CYC
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One of the major roles of the ubiquitin system is to respond to environmental changes. A very
good example for this is the response to carbon catabolite repression which induces
gluconeogenesis in the budding yeast Saccharomyces cerevisiae as described a long time ago
[165]. The highly conserved Gid E3 ligase complex plays an essential role in glucose-induced
degradation (Gid) of Fbpl —a gluconeogenesis enzyme- in yeast [166-169]. In this study,
researchers from the Schulman group aimed to decipher the structure and molecular
mechanisms of the GID complex. Their findings revealed mechanisms of stress anticipation and
that the Gid is regulated through assembly with interchangeable substrate receptors induced by

distinct environmental perturbations.

To assist their study, | performed quantitative proteomic analysis of tagged Gid8
immunoprecipitates to identify the components of the Gid E3 ligase complex. We found that Gid7
has substantially lower abundance relative to other Gid subunits, and Gid7 deletion did not
appreciably affect GID assembly. Additionally, we mapped lysine sites that are ubiquitylated in
vitro by mass spectrometry of Mdh2, a well-known substrate of the complex. Ensuing structural
models showed that the identified sites were required respectively for Mdh2 to engage Gid4
simultaneously and to approach the Gid2 RING activated Ubc8~Ub intermediate.
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SUMMARY

Cells respond to environmental changes by toggling
metabolic pathways, preparing for homeostasis,
and anticipating future stresses. For example, in
Saccharomyces cerevisiae, carbon stress-induced
gluconeogenesis is terminated upon glucose avail-
ability, a process that involves the multiprotein E3
ligase GID®P* recruiting N termini and catalyzing ubig-
uitylation of gluconeocgenic enzymes. Here, genetics,
biochemistry, and cryoelectron microscopy define
maolecular undermpinnings of glucose-induced degra-
dation. Unexpectedly, carbon stress induces an
inactive anticipatory complex (GID*™), which awaits
a glucose-induced substrate receptor to form the
active GID®™. Meanwhile, other environmental per-
turbations elicit production of an altemative substrate
receptor assembling into a related E3 ligase complex.
The intricate structure of GID™™ enables anticipating
and ultimately binding various N-degron-targeting
(ie., “N-end rule”) substrate receptors, while the
GID®™" E3 forms a clamp-like structure juxtaposing
substrate lysines with the ubiguitylation active site.
The data reveal evolutionariy conserved GID com-
plexes as a family of multisubunit E3 ubiquitin ligases
responsive to extracellular stimuli.

INTRODUCTION

Eukaryotes use a plethora of mechanisms to cope with environ-
mental perturbations. Much of our understanding of these pro-
cesses comes from studies on the yeast 5. cerevisiae, for
example, chaperone induction to enable protein folding during
heat stress, kinase activation to control csmolarity, and glyco-
ytic or gluconeogenic enzyme expression to switch metabolism.
An emerging concept is that cells also have "anticipatory’ pro-
grams whereby an attered growth condition triggers not only

pathways rescuing cells from immediate dangers but also
expression of proteins that could be required for subsequent
shifts in conditions (Mitchell et al., 2009; Tagkopoulos et al.,
2008). ¥ the anticipated perturbation does occur, cells can
more rapidly adapt to the new emvironment through expression
ofyet othergenes. For example, chaperones are induced at tem-
peratures below those causing global misfolding, thereby
increasing protecstasis capacity should a more severe |ater
siress further compromise cellular protein folding (Klaips et al.,
2014). Determination of protein fate by ubiquitylation is another
major mechanism orchestrating homeostasis (Ciechanover,
2012; Varshavsky, 2012). Ubiquitylation depends on cellular sig-
nals directing E3 ligases to particular targets. Yet our under-
standing of E3-dependent responses to environmental changes
remains rudimentary. The questions of f and how E3 ligase
structures play roles in cellular anticipation and responses to
perturbations in the extracellular milieu are largely unexplored.
The ubiguitin (Ub) system has long been known to regulate
yeast carbon catabolite repression (Zaman et al, 2008).
Although yeast growing on non-fermentable carbon sources
(e.g., ethanol) require gluconeogenic production of glucose,
this energetically costly pathway is futie and therefore termi-
nated when sugars are available. This not only involves multifac-
eted franscrptional responses but alko glucose-induced
degradation (Gid) of gluconeogenesis enzymes such as
fructose-1,6-bisphosphatase (Fbp1), malate dehydmogenase
(Mdh2), and isocitrate kase {icl1) (Chiang and Schekman,
1981; Chiang and Chiang, 1998; Gancedo, 19398; Hoffman and
Chiang, 1996, Schork et al., 1994a, 1924b). The onginal Gid
gene products defined by genetics and biochemistry include
the E2 Ub-conjugating enzyme Gid3 (hereafter refered to as
UbcB), the deubiquitylating enzyme Ubpi4 (Gidb), and a GID
complex loosely defined by physical interactions of Gid1, Gid2,
Gid4, Gids, Gid7, GidB, and Gid2 (Braun et al., 2011; Francis
et al., 2013; Menssen et al., 2012; Regelmann et al., 2003; Santt
et al., 2008 ; Schule et al., 2000). Although the Gid2 and Gid9 sub-
units each harbor RING (really interesting new gene) domains,
the other subunits lack sequences associated with ubiquitylation
{Braun et al., 2011; Francis et al., 2013; Menssen et al., 2012;
Schule et al., 2000). A recent breakthrough in our understanding
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of the GID E3 came from its assignment as an N-degron-target-
ing E3 (Chen et al., 2017).

N-degron (formedy temmed “N-end rule™) and C-degron
(collectively referred to as “terminal degron') E3s recognize
substrate N or C termini and regulate vast biology (Varshavsky,
2019). Nonetheless, beyond knowledge of pathways creating,
exposing, or cloaking substrate N- or C-degrons, and struc-
tures showing their recognition by E3 ligases, there is limited
structural information explaining regulation of terminal degron
E3s (Brower et al., 2013; Choi et al., 2010, Dong et al., 2018;
Hu et al., 2005; Koren et al., 2018; Lin &t al., 2018; Matta-Ca
macho et al, 2010; Rao et al., 2001; Rusnac et al., 2018;
Shemorry et al., 2013; Szoradi et al., 2018, Timms et al,
2019; Varshavsky, 2011; Wang et al., 2008). Moreover, Fbp1,
Mdhz, and Icl1 each harbor natively exposed GID E3-targeting
MN-temminal prolines essential for their degradation {(Hammerle
et al., 1998). The question of how their ubiquitylation could
be regulated was answered by discovery that glucose avail-
ability detemines expression of Gid4 (Menssen et al., 2018;
Santt et al., 2008), which serves as a substrate receptor for
the GID E3 by binding to an N-terminal proline (Chen et al.,
2017, Dong et al., 201 8). A crystal structure of peptide-bound
human Gid4 showed the basis for M-terminal proline recogni-
tion (Dong et al, 2018). Although the mammalian GID E3
does not appear to regulate gluconeogenic enzymes (Lampert
et al., 2018), and its N-degron substrates remain to be identi-
fied, numerous studies suggest that it may also act as a central
component in cell fate determination essential for some devel-
opmental pathways (Han et al., 2016; Javan et al., 2018; Liu
and Pfirmann, 2019, Nguyen et al., 2017, Pfirmann et al.,
2015; Soni et al., 2006)

Here we reveal molecular mechanisms underlying assembly
and activity ofthe largely mysterous GID E3 and provide general
insight into ubiquitylation by the large cohort of terminal degron
E3s and by those catalyzing ubiquitylation via heterodimeric
RING-RING domains. Unexpectedly, our results also reveal
mechanisms of stress anticipation and resolution through as-
sembly of an E3 ligase, and that GID is not a singular complex.
GID comprises a family of multisubunit E3s regulated through as-
sembly with interchangeable N-degron-binding substrate recep-
tors induced by distinct environmental perturbations.

RESULTS

Carbon-Source-Dependent Anticipatory versus
Activated GID E3 Ligase Assemblies
As a prelude for developing and validating a recombinant sys-
tem, we imvestigated properties of endogenous Gid proteins.
The potential of Gid proteins to stably coassemble with one
another in vivo was examined using a suite of yeast strains,
each harboring a Gid gene tagged at its endogenous locus and
validated for activity. Y easts wene grown in various carbon sour-
ces known to determine GID E3 ligase activity (Oh et al., 2017,
Regelmann et al., 2003}, and lysates were subjected to sucrose
gradient fractionation (Figure 1A).

Migration of Gid subunits, and their relative levels in the four
conditions (Figures 1A and 31), led to three major conclusions
(Figure 1B). First, in carbon recovery conditions that prompt
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degradation of gluconeogenesis enzymes, Gid1, Gidg, Gids5,
Gid4, Gid9, and Gid2 comigrate, suggesting that these subunits
form a minimal stable E3 ligase including the substrate receptor
Gid4, which we term GID®*. Second, as expected, the relative
level of Gid4 is highest during carbon recovery, in agreement
with Gid4 expression being the glucose-regulated switch deter-
mining E3 activity (Menssen et al., 2018; Santt et al., 2008).
Finally and unexpectedly, during carbon stress, the levels of all
GIDFP* subunits except Gid4 increase, and they comigrate in
the density gradients. This suggests that during energetically
expensive growth ona non-fermentable carbon source, a seem-
ingly unnecessary, inactive complex containing most Gid pro-
teins is produced. This finding can be rationalized by the
emerging concept of "anticipatory™ programs preparing for a
later shift in conditions. Thus, we temn the complex containing
Gid1, Gid2, Gid5, Gid8, and Gid9 "GID*™" surmising that
when produced during carbon stress GIDX™ would be benign to-
wand gluconeogenic enzymes but ready and primed for a poten-
tial later shift into glucose-containing media, which in turn would
rapidly induce Gid4 expression and assembly of the active
GID®™® E3 ligase.

The distinct migration of Gid7 was cormoborated by its sub-
stantially lower abundance relative to other Gid subunits
observed by quantitative proteomic analysis of a tagged GidB
immunoprecipitate. Also, Gid7 deletion did not appreciably
affect GID assembly (Figures 314 and S1B). Although there
may be settings when GID®™ and GID™® further include Gid7
in vivo, at this point the role of Gid7 remains unknown. Gid7?
may bind to a subset of GID complexes, additional factors may
confribute to its binding, the interaction may be transient or
low affinity, or Gid7 may play alternative roles in regulation.

To mechanistically define regulation, we generated recombi-
nant GID™™ and GID®™ complexes (Figure 1C) that reconstitute
known GID features. First, together with the E2 enzyme UbcE,
GID®™, but not GID™™, catalyzed robust polyubiquitylation of a
recombinant gluconeogenic enzyme substrate, Mdh2 (Fig
ure 1D). Second, in accordance with impaired degradation of a
Gid substrate upon ovemrexpressing a dominant-negative Ub
K48R mutant in vivo (Schork et al., 19385), we found that in the
context of otherwise lysineless Ub, only K48 supported substan-
tial polyubiquitylation by our recombinant system (Figure S1D).
Third, the N-terminal Pro of Mdh2 was required for its binding
to Gid4 and ubiquitylation by GID®™ [Figures 1E and 1F).

Three-dimensional (30) reconstructions at 9 A resolution ob-
tained by cryoelectron microscopy (cryo-EM) further validated
our recombinant system. Comparing the EM maps for recombi-
nant G0 and that purified from yeast cuttured in carbon stress
conditions revealed a common overall architecture (Figure 1G).
Thus, it appears that the native GID™™ purified from yeast, at
least in terms of subunits overtly visible by cryo-BEM at this reso-
lution, is indeed a complex of Gid1, Gid2, Gids, Gid8, and GidS.

Prominent additional density comelating with the presence of
the substrate receptor subunit Gid4 was readily visible in the
map of recombinant GDShe (Figure 1G). The overall structure
of the GID®®* E3 resembles a clamp, with Gid4 corresponding
to one jaw (Figure 1H). A high-resolution structure showed the
substrate receptor linked via a scaffold to a catalytic module
as described below.

194



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

Figure 1. Regulafion and Reconsfitution of

Yeast GID E3 Ligase Complexes
(#) Suoose density gradient fractionation of

5. cersviziae hysates from cells hanested from fiour

conditions: stationary growth in glucose-rich me-
- dium {normal), ethanal (carbon stress), and switch

to glu cose-rich medium for 30 and 120 min carbon
recovery 30 and 130 min, respectivel). Gid sub-
units tagged at their endogenous loci wers visu-

[== ] slized by western blotting. Asterisk indicates a

AT T
4 75158 D800
Carbon recovery
30 min

L]
44 T3 158 440-880

Carbon stress

GIDERY

GID"“': " E  GsTathinty
GID"""' GIquSEJJuH : w Pl

)
+ ++

LTI L0608

Carbon remuery

g

F

non-apecific anti-Flag interaction.

(B) Cartoons representing GID assemblies in
different emironmental conditions, on the basis of
migration patterns of subunits in sucrose denaity
agradients.

(C) Coomassie-stsined SDE-PAGE of recombinant
GID* and GIDS™.

{0y Fluorescent scan examining ubiquitylation of
fluorescentty labsled Pro/MN-degron  subsirate
Mdn2 (MdhZ*. Assays test dependence on E2
(Uocl) and substrate receptor (Gidd). Not:
GIDM + Gidd = GID™,

WP

:
13I:I
o C A
L -

-
- Mdhz* -....I_____ 2 Mdhz|
# 028|028 0Z& 028028

{E} Role of substrate M-terminal Pro, tested with
wild-type (WT) Mdn2 or N-tEerminsl Pro-to-Ser
mautant, in binding G5T-tagged substrate receptor
Gidd in vitro.

{F) Ubiquitylation of WT or N-terminzl Pro-to-Ser
mautant hdh2-Hise visualzed by westsm blot with

Mdh2-Ub,

0z2a

0z

G -~ time (min}

o _,z'

’:y}{‘

Enu:logsncuus Recambinant Recombinant

£
«

Modular GID E3 Ligase Assembly
Refinement of the cryo-EM data for GID®™ yielded a 3D recon-
struction at 3.8 A resolution (Tables 1, 2, 51, and S2; Figures
52-56). Atomic coordinates for Gid4, Gid5, Gids, and much of
Gidl and Gid® were generated by a combinatorial approach
involving cryo-BEM maps of many variant complexes and auto-
mated and manual model building (Table 2; Figures 32-36). Addi-
tional predicted domains from Gid1, Gid2, and Gid2 were approx-
imately docked into lower resolution density (Figures S5B, S6A&,
and SE6B). The multidomain nature of Gid proteins enabled struc-
ture validation through (1) testing effects of deleting spedific
subunits ordomains on cryo-EM reconstructions; (2) strong corre-
lations upon superimposing structures of human Gidd substrate-
binding and Gid1 Spla and Ryanodine receptor (SPRY) domains
(1.0 and 0.73 root-mean-square deviation [BMSD)], respectively)
(Dong et al., 2018; Li et al., 2011); (3) visualizing predicted arma-
dillo repeats in Gid5 and LisH-CTLH-CRA& domaire in Gidl,
GidB, and Gid9; and (4) concordance between the structure and
effects of mutations observed in prior studies of GID E3 assembly
in vivo (Braun et al., 2011; Menssen et al., 201 2; Santt et al., 2008).
Cwerall, the EM data reveal that the GID E3 is organized
around three structural and functional modules (Figure 2): the

anti-His, tag antibody.

(G) Cryo-BEM reconatructions at 9 A resolution of
endogenous and recombinant GID™™ and recom-
binant GID™*, Density attributed to substrate re-
captor Gidd is yellow.

{H) Clamp-like structureof GIDF™ assembled from
substrate receptor Gidd [SR4), scaffold, and cat-
allytic modules.

See also Figure 51 and Tables 51 and 52,

time (min)

4
Catalytic
module

scaffold— Gid1, Gid5, and GidB, tightly interacting in 2 manner
that outwardly projects protein interaction domains from each
subunit; the substrate receptor— Gid4, and the catalytic mod-
ule— the Gid2-Gid9 subcomplex. Details of this assembly and
how itdrives ubiquitylation of N-degron substrates are described
below.

The Scaffold

The foundation of GID®* is an interdigitated assembly of Gid1,
GidB, and Gid5 (Figures 2A and SBC-56F). Gid1 and GidB
together form a heterodimeric trefoil-shaped structure. At the
vertex, Gid1's LisH and C-temrminal segment of the CRA domain
{IJSI-|-CF|A°}. and adjacent elements, embrace paralogous re-
gions from Gid8, rationalizing why Gidl and GidB stabilize
each other in wivo (Menssen et al, 2012). The three lobes of
the trefoil are formed by (1) Gid1's SPRY domain, (2) Gid1's
CTLH and N-terminal segment of the CRA domain (CRAM), and
(3) Gid8's CTLH-CRA™ domain and adjacent sequences (Fig-
ure S6C). The distal ends of the CTLH-CRA™ domains from
both Gid1 and GidB radiate away from the core, while a contin-
uous V-shaped surface between Gid1's SPRY and Gid8's
CTLH domain engages an extended complementary surface

Molecular Cell 77, 1=14, January 2, 2020 3

195



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

Table 1. Cryo-EM Data Collection, 3D Reconstruction, and Map Refinement

GID="
Minus
Endoganous  GID GIpScstal g pScatiakd Gidar
GID™  Gip*™  GIDM® ARINGs GID®™*  GID*  Plus SA®  Plus SRS GIDEEE a4 GigeR™e
EMDB code Ty oy 10331 10332 10327 10326 10330 10329 10328 10333
Microscope/’ Arctica’  Arctica/  Arctica’ Arctica/  Krhos/M2 Kros/  KrosMK3 KriosH3 KrosM3  KriosH3
datector Falcon Il Falcon Il Falcon Nl Falcon NIl K2
Particlas 387082 388,646 192,972 378,802 615,139 994,904 1,106,310 2,132,505 2,132,585 1,845,121
Pival siza 1612 1.997 1.612 1.612 1.06 1.06 1.09 1.09 1.09 1.09
Defocus rangs 15-35 1535 1535 1535 1.1-32 11-32 1.1-32 1.1-a2 1.1-32 1.1-3.2
{jh
Vattage (V) 200 200 200 200 300 300 300 300 300 300
Elactron dose 21.3 23.07 22.4 214 6.675 7.88 13.57 13.8 13.8 13.62
As)
Exposura tima(s) 3 3 3 3 8 7 4 4 4 4
Mapresoution 5.1 8.3 8.3 73 3.8 a7 3.4 3.8 3.8 3.z
FSC threshold 0,143 0.143 0.143 0.143 0.143 0.143 0.143 0.143 0.143 0.143
Mapresolution  45-11.1 6&0-240 7.9-256 60-231 35158 3.5- 31-7.2 3.5-6.5 3576 3.0-8.3
range (&) 11.8
Mapshampening —246 —am —618 —a72 —a2 —119 —114 —108 —9 —BD
B-factor (4%

Sea also Figures 52, 53, 54, and 56,

“According to the Fourier shall comalation FSC) cutoff critadon of 0.143 defined in Rosenthal and Handarson 2003).

from Gid5. Gid5's armadillo repeats stack in tandem in a contin-
uous solenocid of roughly one and a half superhelical turns, with
the M-terminal domain (NTD) filling the groove between Gid1
and GidB, and a C-terminal domain (CTD) radiating outward (Fig

ures 24 S6C, and S6E). The scaffold is further buttressed by
loops from all three proteins extending distances up to =70 A
to engage one ancther.

A protein interaction domain from GidS recruits the substrate
receptor Gid4, and Gid8 binds the cataltic module Gid2-Gid2
(Figures S6C and S6F). Weak density corresponding to Gidl's
CTLH domain also projects outward. Although the structural
role of Gid1's CTLH domain is presenthy unknown, we speculate
it binds Gid7 on the basis of its mutation specifically impairing
this interaction in wivo (Menssen et al., 2012).

Scaffold Binding to Substrate Receptor Gidd Generates
GID®R

The substrate receptor, which recruits proteins for ubiquitylation,
is an essential E3 ligase element. A prior structure showed that
human Gidd's substrate-binding domain is largely a p-barrel,
with a funnel-shaped opening at one end binding to short pep-
tides via their N-terminal Pro (Figure 3A&) (Dong et al, 2018).
The structure of GID®* shows, in turn, how this substrate-bind-
ing domain is incomporated into an active E3 ligase (Figures 2B
and 3). Gid4's C-terminal eight residues anchor the interaction,
by extending into a channel in the concave surface of Gids©™
(Figures 3B and 3C). Here, successive Gid4 side chainsprotrude
in opposite directions. Aromatic residues on one side fill pockets
between GidS amadilo repeats. Those on the other side
contribute to a composite Gid4/Gids interface with an aliphatic
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sfripe across Gid4's bamel. Indeed, mutation of key Gid4 and
Gid5 contact residues impaired GIDs““-catah_.'zed substrate
ubiquitylationin vitro (Figures 3D and 3E). In vivo, the Gid5 muta-
tions substantially impaired degradation of the gluconeogenic
enzyme Fbpl, as did mutation of Gid4's C-terminal anchor.
Although individual conservative amino acid substitutions in
Gid4's substrate-binding domain did not have a measurable ef-
fect, introduction of a bulky residue or multiple Ala mutations
caused substantially impaired glucose-induced degradation of
Fbp1 (Figures 3D and 3E).

Additionally, weaker EM density showed Gid4 residues 91—
118, upsj:rea.rn of the substrate-binding domain, meandering
over 65 A to loosely wrap around to the convex face of Gid5s.
Also aloop from Gid1's SPRY domain contacts a peripheral he-
lical portion of Gid4's substrate-binding domain (Figure 3F).
However, these residues are neither conserved nor essential
for GID5" activity in witro or in vivo, suggesting auxiliary roles
(Figure 3F).

Dynamic Gid5 CTD in Anticipation of a Substrate
Receptor

Tounderstand the structure of the GID complex expressed dur-
ing carbon stress, EM data for recombinant G0 were refined
toyielda 3D reconstruction at3.7A resolution (Figures 4, 52, and
S4A; Tables 1 and S1). Comparison with the map of GIDS*
showed a sfriking difference in the density comesponding to
Gid5's substrate-receptor-binding CTD, which is blurred in
GID"™. The Gid5 armadillo repeats are visible, but poor density
preciuded refinement to high resolution (Figure 44). Thus, we
speculate that anticipation is manifested by confomational
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Table 2. Model Refinement and Validation Statistics
GID®™ Minus Gid2/aGida™"

Map

Refinamant

Maodal Composition

MNon-hydrogan atoms 16,071
Protain residues 2,031
Resolution an
FSC map versus modal@0.143"

RAMS Deaviations

Band lengths (A) 0.005
Bond angles (&) 0.960
Validation

Malprobity scom/parcentile 1.7
Clashscora/parcantila ST7
Rotamer outliars (%) 0.23
Ramachandran Plot

% favorad 8415
% allowad 58
% outlians 0.05

Sae also Figures 554 and 56.
“sccording to the map-versus-modal comelation coefficiant definitions in
Afonina et al. (2018).

dynamics of the Gid5 CTD amnadillo repeats prior to capturing
and curling anound a substrate receptor subsequently available
upon change in environmental conditions.

Because GID™ and GID®™™ are structurally similar beyond
Gids's CTD and its associated Gid4 (Figure 4B), we hypothe-
sized that GID complexes may display intrinsic catalytic activity
irrespective of ability to recruit substrate. Totest this, we used an
assay that monitors substrate-independent activation of E2--Ub
intermediates (Petroskiand Deshaies, 2005; Wenzel et al., 2011).
First, the reactive UbcB~-Ub intermediate (the symbol ~ refers to
thicester linkage) was generated enzymatically, and this reaction
was quenched. Next, lysine was added simultaneoushy with
various versions of GID E3s. Ub transfer from UbcB, presumably
to unanchored kysine, was monitored by both disappearance of
Ubc8~Ub and appearance of free UbcB in SDE-PAGE. Although
the UbcB--Ub intermediate was relatively stable on its own over
time, GID™ stimulated its rapid discharge with little effect of
titrating a version of Gid4 suitable for substrate recruitment (Fig-
ures 10 and 4C). Thus, GID™ is intrinsically competent at acti-
vating Ub transfer even without a recruited N-degron substrate
or its receptor.

A Family of Related GID E3s

The concept of a multiprotein E3 ligase that facultatively associ-
ates with a substrate receptor is conceptually reminiscent of
cullin-RING and anaphase-promoting complex E3 families.
However, these E3s use sets of interchangeable substrate re-
ceptors for distinct regulation (ARieri et al., 2017; Lydeard
et al., 2013; Watson et al., 2019). Thus, we hypothesized that
other GID substrate receptors may exist, and we identified the
ORF ¥YGROGEC as encoding a protein displaying homology to

A Seaffold module
Gid1 R | SRV ]

LieM-CTLH-CAA L]

Gida =l EN- G X1

Al repests

L |
B Substrate receptor module -
subsirate
Mbarm Bindicg f-barral  anchor
Gidd o g6z

oo

N

”— [ L b o
_5:@5 > C |

;r_u. 'x_\ 1 L\ _;I ||
o
i"__.--"'/ | Ili'!

b

” Catalytic module
Git? et ol T e

helices  LiH-OTLH
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R
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) e ]
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Figure 2 GID*™ E3 Ligase Modular Architecture

Ezch panel shows a different module 23 & domeain schematic ftop), two views
ofcryo-EM denaity (bottam l=ft), and acartoon bottominight). Subunits within 2
module are color-coded, with others in gray. Darker boxes in the domain
schematic repregent regions of the denaity map into which an atomic model
was built.

{A) Scaffold module comprising Gid 1 (green), Gid8& salmon), and Gid5 {punpls).
(B) Substrate receptor moduls consiating of Gidd jorangs).

(C) Catalytic module composed of Gid2 flight blus) and Gidd {dark blus).

Ses also Figures 52-56 and Tables 51 and 52,

Gid4, including the Gid5-binding hydrophaobic stripe and C-ter-
minal anchor (Figure S4C). While our manuscript was under
consideration, YGROG66C was published as a GID E2 substrate
receptor and renamed "Gid10" (Melnykow et al.,, 2019). We
have adopted this nomenclature and had already independenthy
performed several experiments suggesting that Gid10 is a bona
fide atemative substrate receptor for a GID E3. First, bacterially
expressed Gid1 0 binds our recombinant GID*™ (Figure 5A). Sec-
ond, Gid10 confers onto GID™™ in vitro ubiquitylation activity to-
ward an N-degron substrate, albeit with far lower efficiency than
Gid4 (Figure 5B). Third, a 3.8-A-resolution cryo-EM reconstruc-
tion of Gid10 bound to the scaffold module showed an owverall
similar structure to the Gid4-bound complex, including homolo-
gous placement of Gid10's C-terminal anchor and a f-barrel
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Agure 3. Formation of GID®™ E3 Ligase through Incorporation of Substrate Receptor Gid4

{A) Overlay of scaffold-bound S. cerevisise Gid4 substrate-binding domain with crystal structure of human Gidd bound to N-terminal Pro peptide (PDB: 6CDC)
{i=ft), showing potential substrate-binding site with a red amow. Cartoon of N-degron substrate binding by GID™™ (right).

{B) Ovarview of Gidd elements binding to GID scaffold. Gidd (yellow cartoon) binds GidS°™ (purple surface) via a C-terminal anchor (C, C terminus), an aliphatic
stripe and an N-terminal meander. Disordered residuss connecting to N terminus (N) shown as dotted line.

(C) Close-up of Gid4 {yeliow) C-terminal anchaor and aliphatic stripe interactons with Gid5 {purple). Residuss mutated in (D) and (E) are represented as sticks.
(D) Assays testing importance of Gid4 residues in aliphatic strips and C-ter minal anchor on invitro Mdn2 ubiquitylation and in vivo Fop1 degradation(quantified as
faction from time O remaining after switthing from carbon stress to carbon recovery).

({E) Assays testng importance of Gid5°™ residues that interact with Gidd aliphatic stripe and C-terminal anchor on in witro Mdh2 ubiquityiation and in vivo Fbop1
degradation.

{F) Left: structure and EM dansity map depicting auxiliary interactions between Gid5°™ and Gidd N-terminal meander (residues 80-116) and Gid 1 SPRY domain
loop (residues 413-418) with peripheral helical inserton in Gidd . Right: assays testing if these elemeants are not essential for in witro ubiquitylation of Mdh2 and

invivo Fop! degradation.
{D, E, and F) Emor bars represent SD (n = 3).
See also Figures S5 and S6 and Table S2.

domain poised to bind N-degron substrates (Figures 5C, 5D, S2,
and S4B; Tables 1 and S1). Indeed, deletion of Gid10's C-termi-
nal anchor abrogates Gid10-dependent ubiquitylation of the re-
combinant substrate Mdh2 (Figure 5B).

Comparing EM maps with the two substrate receptorsin detail
shows a potential for the slightly different placement of Gid10
and Gid4 relative to the scaffold (Figures 5C and 5D). This raises
the possibility that orientation of substrate-binding domains may
underiie mechanisms regulating substrate degradation under
different cellular conditions.

Although deletion of the Gid10 gene in yeast did not affect
degradation of known Gid substrates after carbon source
switching {data not shownand Meinykov et al., 2019), prior tran-
scriptomics, along with our analyses of protein levels, do not
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imply Gid10 expression under these conditions. Rather, Gid10
mRBNA is expressed during various stresses, including high
salinty and heat shock (Gasch et al., 2000; Wanichthanarak
et al., 2014). Indeed, we observed Gid10 protein induction under
these conditions, presumably leading to its incorporation into an
alternative GID®®'® E3 complex (Figures SE and 5F; Melnykov
et al., 2019).

Embedding of a RING-RING Catalytic Module within
Multisubunit E3 Ligase

Most E3 ligases depend on one or more RING domains binding
to the E2 and the Ub in a thioester-linked E2~Ub intemediate,
thereby stabilizing a "closed conformation” that activates
discharge of Ub from the E2 active site (Dou et al., 2012;
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) 0

Figure 4. Structural Anficipation by GID*™
{A) Cryo-BEM maps and cartoons showing GID
and GID® with GidS purple and Gidd yeliow.
Black boxes highlight relatively wesker Gids=™
density in GID™, which we presume repressnts
conformational flexibility in the sbsence of sub-
strate receptor.

(B} Superposition of cryo-EM maps for GIDF™
{gray) and GID™™* {aqus) at low contour.

(C) Assay testing subatrate-independent E3 activ-
ity. First, the Ubc8--Ub intermediate is generated
enzymatically and this reaction is quenched. Next,

Plechanovova et al, 2012; Pruneda et al., 2012). Thus, we
sought to identify the structural locations and functional roles
of the Gid2 and Gid9 RINGs. Having already placed the scaffold
and substrate receptor modules, we attributed the remaining
density to the catalytic module. This adopts a T-shaped struc-
ture, whene the base of the T connects the cataltic domain to
the scaffold (Figures 2, 64, 6B, and S6). Here, Gid9's CTLH-
CRAM domain heterodimerizes with that from Gid8 in a manner
resembling a pillar affixed to a base.

The top of the T appears to comprise multiple heterodimeric
Gid2-Gid2 subdomains. The relatively poor resolution of this
region may suggest mobility of the Gid2-Gid® subdomains
with respect to one another and relative to the scaffold.
Although it was not possible to determine which elements
derive from Gid2 or Gid9, the density was sufficiently visible
at low contour to approximately localize predicted domains
(Figures 6B, BC, S5B, and SE6B). One side of the top of the
T is a four-stranded coiled coil, which we speculate come-
sponds to helices predicted at the M termini of Gid2 and
Gid9 (Kelley et al., 2015).

Significantly, the structure of the catalytic core appears to
place the Gid2 and Gid® RING domains in a canonical RING-
RING dimer assembly in the clamp-like structure of GID®
forming the second “jaw" that faces Gid4 (Figures 1H and &C).
We arrived at this conclusion after considering that the
remainder of the T-structure consists of two subdomains, and
then roughly attributing the unassigned Gid2-Gidd features.
The subdomain at the extreme edge of the complex can be fitted
with a homology model of the Gid2 and Gid2 RING domains
superimposed on a canonical RING-RING dimer assembly found
in many E3 ligases (Kelley et al., 2015). Notably, the notion that
the RINGs heterodimernze is consistent with prior mutations of
zinc ligands within either protein, which presumably lead to
RING misfolding, decreasing Gid2-Gid9 interactions and elimi-
nating glucose-induced substrate degradation in wivo (Braun
etal., 2011; Regelmann et al., 2003).

. Ubci~Ub — - GID* +/- Gid4 .\ hes + Ub free lysine was added. Reactivity probed by lossof
GIDY +free Lys Ubch-Un and sppesrance of Ub was tested
GIDSR ) withowtan E3, or with GID"™ alone, or with addition

Gid4 - - * bt of equimolsr and 5x excess of Gidd.
GIDA™" - + i Ses also Figures 52 2nd © able 51
igures 44, and Table 51.
— | — - — Ubed~Ub
- Gidd
o e et i [V
0051005 1005 1005 1 To validate the locations of the RINGs,
time (min} we examined mutant versions of GID®™

lacking these domains by cryo-EM.

Refinement of the data led to two major
classes. One, indeed, showed selective elimination of the den-
sity we attribute to a Gid2-Gid® RING-RING dimer, while the
second class supermposed with the map obtained for a sample
lacking the entire Gid2 subunit as well as the Gid2 RING domain
(Table 51). This is consistent with heterodimeric assembly ofthe
RING domains contributing to Gid2 incorporation into a GID E3
invivo (Braun et al., 2011). Last, we speculate that the remaining
density at the T-junction corresponds to a heterodimeric assem-
bly comprising the LisH-CRA® domains from Gid2 and Gid2
and/or the ensuing CTLH domain from Gid2, which would match
the size of this subdomain (Figure S6B). Moreover, this hypothe-
sis is consistent with the relative orientation of Gid8's CTLH-
CRAM domain, which is inserted between the LisH and CRAS
elements in the sequence of Gid9.

Model of the Catalytic Center Suggests that the
Heterodimeric RING Activates a Single UbcB--Ub Facing
Substrate

As a first step toward structurally modeling GIDﬁ*“-q:.atah_.'zed
ubiquitylation, each RING domain docked into the EM density
was superimposaed with a prior structure of an isolated RING-
E2--Ub complex (Dou et al., 2012; Plechanovova et al., 2012;
Pruneda et al., 2012), and then the docked E2 was replaced
with UbcB. Even with uncertain position of the Gid2-Gid2
RING-RIMNG dimer, the structural modeling suggested that onby
one of the two RING domains would place UbcB to face the
Gid5-bound substrate receptor.

To test if the Gid2 and’or Gid8 RING primarily binds UbcB or
plays a supporting role in activating the UbcB--Ub intermediate,
residues were selected for mutation on the basis of homology to
three halimark elements: (1) a hydrophobic suface that binds
E2 loops conserved in UbcB; (2) potential “linchpin” residues,
which can be located on eitherside of the domain, butirespective
of location insert between the E2 and its thicester-linked Ub to
stabilize the noncovalent interface between them; and (3) a non-
RING priming element flanking a RING sequence that functions
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A Strep. B cip* cidio ciDv+ ciDvs cipvs © Figure 5 A Family of Multisubunit GID E3s
affinit GEid10 Gidd GEid10 with Swappable Substrate Receptors
%S-GIDY+ . + AC-erm {A) Streptactin pull-down of GID" testing binding
Gid1p - + + of Gid10.
= |{B) Ubiquityistion assay testing poential of Gid10
S R . to act as a substrate receptor for the GID™ sub-
strate Mdh.
D 1060 01060 |0 10600 0.5 2|0 10 60 3} COryo-EM mape of (idd- and Gid1 0-band GID
time [min scafiold.
D D) Close-up wviews of overlays of mapa of GID
scaffiold alone and bound to Gid 10 or Gid4.
/ {E) Westem bilots showing expression of Gidi0,
- tzgged at the endogencus locus, under different
} ,ﬁf environmental condiions. Asterisk indicates a
protein interscting non-specifically with anti-Flag
— scaffold — scaffold antibodies.
— scaffold+ +— seaffold+ r Gida F) Model for family of GID E3s with interchange-
Gid10 . scaffold + Goil able substrate receptons.
E Osmotic shock Recovery from Recovery from Sen alko Fgees 33, 538, S48, and S40 and
with 0.5 M NaCl heat shock at 42°C ethanol stanvation Table 51.
Gid10 — Gid10 -
iR R .
timetheg)( 0 1 2 3 4| tmeimnjQ 15 30 60 fimathrsl 0 1 2
E Gluconeogenic enzymes of GID™, which are large cligomeric

Gl D!F 1]

in trans to allosterically stabilize the closed conformation of the
E2--Ub intermediate bound primarily to the opposite RING in a
dimer (Figure 60) Brown et al., 2014, Dou et al., 2012; Kelley
etal., 2015; Plechanovova et al., 2012; Pruneda et al., 2012; Scott
et al., 2014; Zheng et al., 2000). Effects on GID®™* E3 ligase
activity in vivo were tested by introducing mutations into tagged
versions of Gid2 and Gid9 expressed from their endogenous
loci (Figure 6E). Effects of point mutations in predicted E2-binding
and linchpin residues of Gid2 mirored effects of wholesale dele-
tion of Gid2's RING domain on glucose-induced degradation of
Fbp1, while there was a relatively minimal effect of mutating
Gid2's candidate non-RING priming element. The crucial role
for the Gid2 RING's E2-binding site was also confirmed for GID®™
E2 ligase activity in vitro. In contrast, the opposite pattem was
observed for the Gid9 mutants, where only the candidate non-
RIMG priming element significantly abrogated activity. The results
suggest that Gid2's RING binds and activatesthe UbcB~ Ub inter-
mediate, assisted by a non-RING priming element from Gid2, to
face the substrate receptor (Figures 6E and 6F).

Model of GID®™ Ubiguitylating an N-Degron
Gluconeogenic Enzyme

The substrate-binding site on Gid4 is =50 A away from the
modeled catalytic center. Although the relatively weak EM den-
sity corresponding to the cataltic domain (Figure 6C) suggests
flexibility, perhaps for conformational changes during catabysis,
it is also possible that the lange gap accommodates substrates
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enzymes. To model ubiquitylation, the
substrate Mdh2 was selected because
(1) obust in vitro ubiguitylation of bacteri-
ally expressed MdhZ demonstrated that
post-translational modifications are not
required for its M-degron-based substrate
tangeting (Figures 1D=-1F), and (2) as an
=80 kDa homodimer with 34 ksines,
Mdh2 is the smallest and structurally
mast simplistic of nown GID®* substrates (Figure 7). To place
Mdh2, the N-terminal four residues were modeled on the basis of
the prior structure of the human Gid4 substrate-binding domain
bound to a 4-mer peptide. Next, an Mdh2 model was manualby
rotated while roughly constraining the location of the N-termi-
nal-mostordered residue (L14) proximal to the substrate-binding
site on Gid4 (Dong et al., 201 8; Kelley et al., 2015).

Owerall, the model suggests that some, but not all, Mdh2 hy-
sines would preferentially access the ubiguitylation active site
(Figure 7A). To test this, we used mass spectrometry to map sites
that are ubiquitylated in vitro (Figure S7). Notably, the top sites
include a cluster of K254, K256, and K259, as well as K330,
and to a lesser extent K360 and K361, for which the 10-residues
between Mdh2's N terminus and globular domain would easiby
accommodate the = 10, = 20, and -—-15.3.requ'md. respectively,
for Mdh2 to simultaneously engage Gid4 and approach the Gid2
RING activated UbcB~Ub intermediate. Furthermore, substitut-
ing these residues with arginines severely impaired Mdh2 ubig-
uitylation (Figure 7TB). Thus, athough detailed knowledge awaits
further structural studies, the EM data presented here enable the
generation of a geometrically reasonable model for M-degron
substrate ubiquitylation (Figure 7C).

DISCUSSION

The cryo-EM reconstructions reported here reveal E3 ligase
assemblies that wary in response to extracellular stimuli

200



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

A B  Dimerzation and Cc
scaffold-binding elements

2-9 coited-cod

3‘ s

: 9CTL‘1

Hetercdimeric RINGs

cimerization
element

! e RCTLH
S 8
2 ";‘fv i 2-MdmX
GRri2-Cxdd (model)

GID*™4RINGs

Potential ‘linchpin’ 2 (LP2) E2-binding interface (E2

Non-RING priming element (NRP)

& B g[scuz 3 | F I cFVMEKE E|[s11 8 & 7
; tsmmuz KNCPWCECSET||S10 81K
g_muwcrmr.nrcxvcloamnwa
fninekd 3 TVEEPILONDGII'2T KRY
Himdm2 435 | E P E VI CQGR||ass | ¥ L
HelNdnX 434 L ¥ P £ S L C E K R||48% YV | K
SRS S
Zr*-coordinating residues
o) .
7 w, 8 G'fg E2_
CUWEE § W Ve
€. =
£ o
. gu w 5 — .
. — ==t u -- prms et
_: ol . —— —-:_:—' “,,:El B 9] P S
| A | SEnAIEEE ccadamdiin
028028028028 LR FFT T 028028
tme (min} 9’9’ AT A time (min)

Figure 6. GID Catalytic Module

{A) Left: T-shaped Gid2-Gid9 catalytic module in low contour EM map of GID*™. Right: catalytic module elements shown in cartoon: scaffold-binding domain
interacting with Gid8 (salmon), dimerization region, and heterodimeric RINGs.

{B) Homology models of catalytic module elements fitted into EM map generated by focused rafinament and signal subtraction. The atomic models of Gid8 and
Gidd CTLH-CRA™ domains ars shown, as is an approximated coiled-coll docked in additional dansity.

(C) The Gid2-Gid9 RING-RING domain was modeled in triangular density at the tip of the T-shaped catalytic module, as follows: (1) RING-RING domain was
generated by superimposing homology modets of Gid2 and Gidd RINGs onto MDM2-MDM X stucture (PDB: 2VJE) (leff). (2) Model of Gid2-Gid9 RING-RING
domain was docked into map of GID** {canter). (3) Density attributed to the Gid2-Gidd RING-RING domain was not visible in EM map of GID®™ with the RINGs
deleted (solid wiolet map, nght).

(D) Left: candidate Gid2 and Gid9 RING “linchpins" (LP) identified by supenmposing their homology models with crystal structures of RNF4 (PDB: 4AP4) and
RBX1 (PDB: 4P50) bearing linchpin residues R181 and R48, respectively. Commesponding Gid2 and Gid9 residues are showed as sticks. Right: sequence
alignments of Gid2 and Gid® with well-characterized RING domains identified potential E2-binding (E2, yellow) and non-RING priming slement (NRP, rad)
residues.

(E) Assays testing effects of Gid2 and Gid9 mutations on GID E3 activity, Fop1 degradation in wivo, and Mdh2 ubiquityiation in vitro. Error bars represent SD

h=3

{F) Cartoon summarzing model for Ubc8--Ub activaton by Gid2-Gid9 RING-RING domains on the basis of mutational analysis shown in (E).

See also Figures S3C, S4A, S5, and S6 and Table S1.

(Figures 1, 4, 5, and S1), molecular mechanisms underlying
their regulation (Figures 1, 2, 3, 4, 5, and 6), and a framework
for GID E3 ligase-dependent ubiquitylation (Figure 7). The
structural data also provide broad insights into major families
of E3 ligases, namely, those recognizing terminal degrons
and those displaying RING-RING catalytic domains. The
modular multiprotein GIDS** E3 assembly displays clamp-like
properties, established by a central scaffold connecting the
two jaws: a variable substrate receptor and the catalytic
domain. The structure enables binding of a substrate's
unfolded N terminus to Gid4, to direct lysines from a folded
domain into the ubiquitylation active site. From the perspective
of the other side of the complex, it seems that the RING-RING
dimer is the culmination of an intricate heterodimeric Gid2-
Gid9 assembly that activates the Ubc8~Ub intermediate fac-
ing the N-degron substrate. Some other E3s, for example,

BRCA1-BARD1 or HDM2-HDMX, that contain heterodimeric
RING-RING domains, may likewise rely on complex, intercon-
nected assemblies to couple a single active site with a sub-
strate for ubiquitylation.

Although it has long been recognized that GID®™ is part ofthe
yeastresponse to environmental conditions via glucose-induced
degradation of gluconeogenic enzymes (Santt et al., 2008), our
data indicate that generation of a GID™™ complex also occurs
in response to an extracellular stimulus: carbon stress (Fig-
ure 1A). As GID"™ would be inactive toward recruited substrates
in the absence of a substrate receptor, we hypothesize that pro-
duction of this complex allows cells to adapt more rapidly to po-
tential later changes in the extracellular milieu. Our dataraise the
possibility that carbon stress may prepare cells for a potential re-
turn to nutrient-rich conditions. We also cannot rule out the pos-
sibility that GID™™ could be coupled to a yet unknown substrate
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A Figure 7. Model of GID®™.Catalyzed Ubig-
uitylation of N-Degron Substrate Mdh2
&) Stuctursl modets for substrate ubiquitylstion
by GID®™™, with 5 homology modsl for Mdh2
jprotomers. in black and gray) placed with its
N-terminal Pro binding Gidd and candidate lysine
- tangets in the active site of 2 modeled Ubch-Uo
s prafarrad lysines intermediate.
il S WT__ preferred H=R {E) Homology model of Mdn2 dimer showing
.r\"_ ‘*"1}2 ! prefemad target lysines identified by mass spec-
| « il trometry inbrown and red and other hysines in blus.
- .\J%\ ——————————— 2 Assay testing effects of Arg replacement for
I.IIDH.‘IIJI‘[".'I-;I;I::-('I prefemed target lysines on Mdh?2 ubiquitylstion.
in eis in trans Top: flucrescent scan detecting ublquitin. Bottom:
C loading controls showing Mdh2, Gid2 (2), and
—. Gidd (4).
™, S04 {C) Cartoon repregenting the structural models for
L X GID®™ ubiquitylaion. The clamp-lile stucture
5 enables multiple configurations for ublquitylation
I(\ of prefemaed hymines from a folded gluconeogenic
el enzyms substrate.
s .20 E See also Figure 57,
3 o 1 \_/_-’ ||
; 7_ 1 a0 T F |
_-"' — . L '.I |'__,_.-/ II Y .:__ i 1 '\.I
~—" ubiquitylation’,_ } o ubiguitylabiert, )

[liR=t

receptor to allow ubiquitylation of a distinct set of proteins during
carbon stress.

We were puzzled by the apparently counterntuitive carbon
stress-induced production of GID™ in anticipation of relief
from starvation. It is conceptually appealing to envisage micro-
bial anticipatory signaling cascades in terms of one stress
serving as a signal for cells to cross-prepare for a looming
new stress (Mitchell et al.,, 2009; Tagkopoulos et al., 2008).
Our discovery that recombinant GID™® also binds the Gid4-
like protein ¥ GROG6C/Gid10, which is induced under several
distinct stress conditions (Figure 5; Melmykov et al., 2019), offers
a potential mechanism for how GID*™ could act as a multifac-
eted hub integrating responses to various extracellular stimuli.
We speculate that carbon stress-induced production of GIDM™
may enable cells to prepare for ensuing csmotic stress or
heat stress through the production of a Gidi0-associated
GID®'? E3 ligase. It seems plausible that Gid10's substrates
could be regulators of glycerol or salt intake, protein synthesis,
or general stress responses. Mechanistically, it seems likely that
substrate selectivity will be influenced not only by protein
expression changes under different metabolic conditions but
also by subtle differences in the f-bamel domains of Gid4 and
Gid10 and their orentations relative to the scaffold (Figure 5).
Future studies will be required to identify substrates of a
GID®'Y B3, to visualize substrate ubiquitylation in action, and
to understand cross-talk between GID™™ assembly, association
with multiple substrate receptors, and coupling responses to
varying extracellular stimuli.

What does an E3 ligase in "anticipation” look like? Our cryo-
EM reconstruction of GID™™ suggested motion of GidS's sub-
strate receptor-binding CTD (Figure 4). Dynamic opening and
closing of Gid5 could enable binding, release, and exchange of
the substrate receptor. At this point, the molecular stimuli and
structural mechanisms underying substrate receptor dissocia-
tion or exchange remain unknown, although Gid4 turnover has

10 Molecular Cell 77, 1=14, January 2, 2020

in trans

been shown to depend on GID E3-dependent ubiquitylation
(Menssen et al., 2018).

We speculate that in humans, a GID™™ complex will parallel its
yeast counterpart and act as a hub integrating various signals,
presumably through many additional binding partners, in turn
leading to cell fate determination. Although binding to Gid4 likehy
generates a human GID®™ E3 targeting substrates with N-termi-
nal prolines (Cong et al., 2018), the functions of other partner pro-
teins, including Gid7, remain elusive, and may regulate activity of
GIDF™, or perhaps form afternative assemblies with GID™™ or
Gid subunits. Indeed, two Gid? homologs, along with many other
proteins, have been shown to co-precipitate with human Gid
subunits (Boldt et al., 2016; Huttlin et al., 2017, Lampert et al.,
2018). In addition, the human GID E3 ligase has been reported
to ubiquitylate a substrate that does not bear an N-teminal pro-
line (Lampert et al., 2018), despite the apparent requirement of a
proline to bind human Gid4 (Dong et al., 2018). This could poten-
tially be reconciled on the basis of our discovery that the GID E3
ligase is not a singular complex but a family of E3 ligases with
different substrate receptors ({Figure 5). Additional human Gid
subunits could substitute for Gidd, modulate substrate speci-
ficity, or localize the GID complex (Boldt et al., 2016; Lampert
et al., 2018).

The concept of multiple GID E3 assemblies responding to
different environmental stimuli is reminiscent of other multipro-
tein E3 ligases (e.q., cullin RING-ligases) and hubs such as
mTOR that integrate signaling with various downstream func-
tions required in certain cellular contexts (Gonzalez and Hall,
2017; Lydeard et al., 2013; Saxton and Sabatini, 2017). Regula-
tion of these assemblies through interchangeable receptors pro-
vides a framework for investigating the GID family. Are there
cellular exchange factors that promote swapping Gidd and
Gid10 (Pierce et al., 2013), or inhibitory factors (Duda et al.,,
2012; Lyapina et al., 2001)? Is GID regulated by modifications
or metabolites (Gonzdlez and Hall, 2017; Saxton and Sabatini,
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2017)? Does substrate binding play a role in substrate-receptor
selection (Emberley et al., 2012; Enchev et al., 2012)7 And most
curiously, are there other presently unknown substrate recep-
tors? Although future studies will be required to unveil the molec-
ular pathways and mechanisms underlying these complexities,
the stunning structural infricacies of the seemingly simple yeast
GID M-degron-targeting system, now revealed more than 25
years since the discovery of glucose-induced degradation, pro-
vide a blueprint for understanding this important family of mutti-
subunit E3 ligases.
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Ubiquitin proteins can potentially be conjugated through one of their eight amino groups (seven
lysines and the N-terminus), giving rise to a plethora of chain topologies. These different chains
can be recognized by downstream readers of the ubiquitin code that determines the fates of
modified proteins. Therefore, it is important to uncover features underlying the generation of
specific chain linkages. Structural studies have shown how different ubiquitin chains vary in
compactness and rigidity depending upon the amine through which they are linked [170]. In the
course of chain formation, the lysines in previously attached ubiquitin serve as acceptors for the
next ubiquitin molecule forming poly-Ub chains, however little is known about the role of the
acceptor Lys in UB chain formation. Researchers from the Schulman group aimed at
investigating the potential roles of acceptor lysine architecture on ubiquitylation. We contributed
to this study by establishing a targeted MS strategy to quantify the distribution of Ub chain linkage
types. We showed that the location of the ubiquitin lysine mutation determines the distribution of

di-ubiquitin linkage types.
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Abstract

Virtually all aspects of cell biology are regulated by a ubiquitin code where distinct ubiquitin chain
architectures guide the binding events and itneraries of modified substrates. Various
combinarions of E2 and E3 enzvmes accomplish chain formation by forging isopeptide bonds
between the C-terminus of their oransiently-linked donor ubiquitin and a specific nucleophilic
amino acid on the acceptor ubiquitin, vet it is unknown whether the fundamental feature of most
acceptors - the lvsine side-chain - affects catalvsis. Here, use of synthetic ubiquitins with non-
natural acceptor site replacements reveals that the aliphatic side-chain specifying reactive amine
ceometry is a determinant of the ubiguitin code, through unantcipated and complex reliance of
many distinct ubiguitin carrving enzymes on a canonical acceptor lvsine.

Introduction

Ubiquitin {UB) chamns are a major post-translational modification controlling protein function in
eukaryotic cells™*. Numerous, distinct chains result from the linkage of UB’s C-terminus to one of eight
amino group acceptors (seven lysines and the N-terminus) on another UB. The different UB chains,
which vary in compactness and rigiditv, fornmlate a “UB code™ read by cognate UB-chain-specific
binding domains that control the fates of modified proteins'~. Studies of endogenous and recombinant
proteins have shed light on this code, for example showing that chains linked through UB's lysine 48

1
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(K48) often direct protein targets for proteasomal degradation’. Chains linked through UB’s lysine 63
(E63) often regulate the assemibly of nmlti-subunit complexes and diverse biological processes such as
membrane protein trafficking and DNA repair'~. Furthermore, structural studies have shown how
specificity 15 dictated by the spacing between hydrophobic patches displaved from the different B
molecules linked in various chain types®. In some cases, the actual isopeptide linkages between UBs,
and surrounding residues, also determine recognition of specific UB chains™.

Recenily, chemical biology approaches have also elucidated principles governing important aspects of
UB biology®’. Indeed. the chemical synthesis of UB chains with defined linkages and chemically
unigue properties have illuminated mechanisms underlying protein degradation by the proteasome®®
and revealed the potential of mmdreds of UB-binding domains to pariner with their cognate chain
types'”. Synthetic UBs have also aided in the discovery of small molecules that bind K48-linked
chains'!.

Diespite this progress in deciphering how the code 15 “read” by downstream machineries recognizing
UE chains, the mechanisms underlyving generation of specific UB cham linkages remain incompletely
understood. Chains are forged by combinations of UB-conjugating enzvmes (E2s) and UB ligases
(E3s)'*¥. In humans, various pairings amongst =30 E2s and =600 E3s mediate the linkage of UB to
selected target proteins. and determine their fates through the generation of UB chains with specific
linkages. Different E2s and E3s employ distinet enzymatic mechanisms to  achieve
polyubiquitylation'*"*. For example, some E2 enzymes can generate UB chains themselves, whereby
after enzymatic linkage of UB's C-terminus to an E2 catalytic cysteine, UB is transferred from the
resultant E2-UB intermediate (~ refers to thioester bond) to a lysine on an “acceptor UB™3. The
preferred UB acceptor lysine may be intrinsic to an E2. andfor may be mfluenced by an E2 partner
protein'* In some cases, UB transfer from the E2 is stinmlated by the hallmark “RING” domain in
many E3s'*. An E2 may also transfer UB to a catalytic cysteine of some E3 classes, such as in a
“HECT" catalytic domain, from which UB is ultimately linked to another UB to generate a chain'>".

Many prior studies have identified E2 or E3 residues critical for catalysis, presentation of an acceptor
UB by accessory domains, and roles of acceptor UB residues surrounding the targeted Iysine!*+*.
However, whether features of a UB’s target lysine beyond its nucleophilic primary amuno group - such
as the distance between the primary amine and the UB polypeptide backbone - influence UB chain
formation remains unknown. Within different classes of UB carrying enzvmes (e.g. E2 or HECT E3)
catalytic domains adopt highly similar structures that have been shown to catalyze covalent bond
formation between donor UB and disparate free amino acids - lysine, cysteine, serine, and threonine -
acceptors™->. Because substrates of the UB system are often ubiquitylated and degraded even after
nmitation of their preferred lysines, one has the impression that targeting by at least some enzymes - and
certainly across classes of enzymes - is relatively lax. This confrasts. however, from classes of protein
interaction domains or histone modifying enzyme families that strictly depend on lysines for specific
salt-bridge geometries or substrate targeting™®~".

Thus, to investigate if acceptor lysine side-chain features beyond the primary amino group mfluence
UE chain formation. we emploved a series of synthetic UBs harboring replacements for K11, K48 or
K63 with progressively shorter or longer aliphatic side chains. and tested their reactivities with a broad
set of ubiquitylating enzymes. Our results demonstrate that the geometry between the polypeptide
backbone and the primary amine strongly influences chain formation for mumerous diverse UB chain
forming enzymes. Thus, the Iysine aliphatic side-chain itself helps to establish the UB code.
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A K63-specific E2 enzyme displays exquisite sensitivity to acceptor UB lysine architecture

The simplest activity of an E2 is the ability to transfer UB to a nucleophilic amino acid free in solufion.
For some E2s, there is a correlation between the discharge onto a free amino acid acceptor (e.g. lysine,
cysteine, threonine, etc.) and the preferred residue-type modified in the context of a protein target™%.
We examuned reactivity of the well-characterized, human heterodimeric UB-chain forming E2
UBE2N/UBE2V1 complex!®** UBE2N/UBE2V1 is distinguished by the partnering of a canonical
E2 subunit (UBE2N) with the catalvtically inactive dedicated E2-like UBE2V1. UBE2N/TUBE2V1
generates nearly pure LysG3-linked UB chains owing to the fact that Lys63 on the acceptor UB 15 guided
by the UBE2V1 subunit towards the thioester linkage between UBE2N's active site cysteine and the
donor UB’s C-terminus'®*®. The rate of this UB chain formation is accelerated in the presence of the
isolated dimeric RING domain of an E3 (hereafter refemred to as RINF4) that stabilizes the active
conformation of the donor UB thioester-bonded to the UBE2N active site’’. Moreover, coupling with
both UBE2V1 and ENF4 stinmlates inirinsic reactivity of the UBEXN~ubiquitin infermediate, as
monitored by ubigquitin discharge to free Iysine®, albeit with far less efficiency than to an acceptor UB’s
Lys63.

We examined the ability of RNF4-UBE2V1-activated UBE2N to transfer a donor UB to various free
amino acid acceptors using a pulse-chase assay format (Fig. 1a). First, UBE2N was charged with
fluorescent donor UB in the pulse reaction using E1 enzyme. After the pulse reaction was quenched. the
resultant UBE2N~UB intermediate was incubated with ENF4, UBE2V1 and various unlabeled amino
acids. We mutially tested L-lysine (four methylene units in the side-chain, referred to here as C4) and
two controls: L-serine which is not known to accept UB from BENF4-UEVI-UBEXN, and N-Acetvl-L-
Iysine wherein the epsilon amino group is blocked. As expected, L-lysine had high reactivity when
compared to the other amino acids (Figure 1b). Next, we verified that the Ne-amine of lysine is the
preferred acceptor by observing robust reactivity with Ne-Acetyl-L-lysine, wherein the alpha amino is
blocked but the epsilon amino group 1s available. With this established. we then tested a range of lysine
analogues that differ according to their side-chain length. Here, the C1, C3 and C5 analogues (L-2,3-
diaminopropionic acid, Ny-Acetyl-L-omithine, and L-homolvsine. respectively) demonstrated robust
reactivity (Fig. 1b,c and Extended Data Fig. lab), indicating the absence of an absolute requirement
for length of the aliphatic chain between the backbone and the nucleophilic amino group of lvsine
analogues free in solution.

Since various amino acids with a side-chain primary anuno group were capable of preferentially
accepting E2-bound donor UB relative to those lacking such a chemical group, we next wondered
generally how L-lysine architecture within the confext of an acceptor UB would affect
UBEXN/UBE2V1 catalytic activity (Fig. 2a). Accordingly. solid-phase peptide synthesis was employved
to generate UBs with Lvs63 analogs that differ in length by the number of methylene groups - one, two,
three, four or five - between the alpha carbon and side-chain amino group: L-2, 3-diaminopropionic acid
(Dap, referred to here as ™*UBc; for one methylene group in the analog replacing native Lys63). L-2 4-
diaminobutyric acid (Dab, referred to here as **UBc; for two methylene groups in the analog replacing
Lys63), L-omithine (Om. referred to here as **UBcs for three methylene groups in the analog replacing
Lys63), L-lysine (Lys. referred to here as **UBcy for the four methylene groups in the native acceptor),
and L-homolysine (hLys, referred to here as ¥¥UB; for five methylene groups in the analog replacing
Lys63) (Fig. 2b).

UBE2N/TUBE2V1 activity was once again measured nsing a pulse-chase assay, with the difference being

that the acceptor is now UB, and product formation between donor and acceptor UBs results in a di-UB

chain Remarkably. unlike in the discharge to a free amino acid, the removal or addition of only a single
3
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methylene from a canonical Lys63 side-chain now greatly reduces product formation of intrinsic E2-
catalyzed free UB chain formation. Moreover, the striking preference for the native lvsine persisted
upon adding the BNF4 E3 enzyme RING domain that accelerated the reaction (Fig. 2c and Extended
Data Fig. 2a).

Native lysine is preferred for K48-chain linkage on E3-bound substrates

Since the recruitment of acceptor UB by UBE2N is unique in that it depends on its partner UBE2V1 to
bind and orient the acceptor UB®, UBE2V1's grip on the acceptor UB may limit the ability of the
reactive amine to reposition in the active site upon the addition or removal of a methvlene group. Thus,
we wondered how changes to the lvsine architecture would affect other E2s that rely on their own
surfaces to orient the acceptor UB. Hence, two K48 linkage-specific E2s. UBE2(G1 and UBE2R2, were
assayed in the presence of the ®**UBc1cs suite’*** Again significant di-UB product is only observed
with the B¥UBcs acceptor— for the E2s alone, as well as for UBE2R2 and UBE2(G1 reactions stinmilated
by cullin-RING ligase E3s CRL1 or CRL4, respectively?l-3% (Fig. 2d and Extended Data Fig. 2b).

We considered that the reactivity of the acceptor UB may differ substantially when attached fo an E3-
bound substrate®®*’. CRLs are nmltiprotein complexes. wherein a specific receptor protein recruits a
substrate degron motif. A well-studied CEL1 substrate receptor is FBW7. a tumor suppressor protein
that recruits phosphorylated targets including the cell cycle regulator Cyclin E*. A well-stadied CR14
receptor 1s CEBN. for which chemotherapeutic thalidomide analogs. such as pomalidonude, induce
recognition of neosubstrates including transcription factors in the Ikaros family. The activities of
CRL1FEW7 and CRL4EEN can be reconstituted with truncated substrate peptides harboring the degron
motif and an acceptor site. To generate such substrates with our synthetic UBs suitable for assaving di-
UB chain formation, sortase-mediated transpeptidation was emploved to append degron peptides from
both CEL1- and CEI4-based substrates (a cyclin E phosphopeptide and IKZF1 zinc finger,
respectively) to each UB from the ¥ UBcics suite.  To test how lysine architecture affects CRL-
mediated UB chain formafion, these substrates were reacted in the presence of the relevant E3s and
UBE2R2 or UBE2G1. respectively™**. Even in this context. only the native lysine supported substantial
UB-chain elongation onto CRL-bound substrates (Figure 2d and Fxtended Data Fig. 2b).

As controls, the suite of **UBci.cs analogs served as acceptors with the Lys48-specific E2 UBE2GI,
demonstrating proper folding for all of the synthefic UBs harboring Lys63 substitutions (Fig. 2e and
Extended Data Fig. 2c). Similarly, UBE2N/TIBE2V1 also produces nearly equivalent amounts of di-UB
chains with UB nmtants harboring the lysine analogs on the non-acceptor position 48 (**UBcu.s, Fig.
2f and Extended Data Fig. 2d). Moreover, 1D and 2D proton NME spectra for recombinant UB (aka
C4-bio), synthetic UB (aka C4), and ¥¥UB¢; showed good dispersion and were superimposable except
for a few resonances. presumably reflecting overall minor impact of the sequence differences between
the three forms of UB (Extended Data Fig. 3). Thus, taken together, the data show that K63- and E43-
specific E2 enzvmes that vtilize distinct modes of acceptor UB recruitment display exquisite specificity
for the attacking Iysine architecture in the context of an acceptor UB.

NEDD4-family HECT E3s discharge UB predominantly onto an acceptor UB lysine but not to
side-chain analogs

Next, we exanuned if this remarkable preference for native lysine is preserved in the HECT E3 ligase

family, where UB is first transferred from E2 to the HECT domain catalvtic cysteine and then discharged

onto the substrate lysine™. We assayed NEDD4-1 HECT domain®, the eponymous member of the

NEDD4 familv of HECT ligases, and a truncated version of its veast ortholog Rsp5p. that harbors both
4

210



Linkage-specific ubiquitin chain formation depends on a lysine hydrocarbon ruler

a substrate-binding WW domain and the catalytic domain. Both are well-known to form K63-linked
chains***'_ Robust di-UB formation is only observed with native lysine acceptor **UBcs, while greatly
reduced di-UB formation is observed with *°UBc1cz or ¥¥UBcs (Fig. 3a and Extended Data Fig. 4a.c).
Similar to the reactions assaved above, discharge 1s maintained when Fsp3p and NEDD4-1 are assaved
in the presence of the **UBc1.c;s analogues, which preserve the native lysine at position 63 (Fig. 3b and
Extended Data Fig_ 4a.c).

Next, we wondered if lysine length influences HECT reactions in the context of a substrate. We again
turned to a system where a well-characterized degron motif can serve to recruit a substrate. Snadp, a
substrate of Rspip. displays a WW-domain binding PPPY motif**. We used sortase-mediated
transpeptidation to attach each of the **UBcycs series to a truncated Snadp peptide harboring the degron
motif Fificient discharge was observed only for native lvsine but not a K63R nmitant, confirming site-
specific di-UB formation in this system. Notably, the Lys63 C5 UB was defective even when recniuted
via the substrate degron (Fig. 3c and Extended Diata 4b).

Lysine side-chain architecture impacts ratios of less preferred UB chains produced by the
promiscuous E2 UBE2ZD3

Given the results so far, we pondered whether there may be exceptions to linkage specific ubiquitvlation
systems relying on native lysine (C4) acceptors. The E2 UBE2S, which generates Lys11 di-UB linkages,
seemed like an mtrigning candidate, as it 1s thought that UBE2S catalysis is complemented by acceptor
UB side-chains!”. UBE2S displays weak di-ubiquitin chain synthesis activity on its own. owing to a
high Km for the acceptor!”. This is overcome by fusing a UB-binding domain to the C-terminus to
UBEZ2S, or with the nmltiprotein E3 enzyme Anaphase-Promoting Complex/Cyelosome (APC/C)
whose RING domain recruits the acceptor UB**. Results from our qualitative assay suggest that this
mechanism 15 less sensifive o lysine side-chain length. as di-UB formation occumred with a suife of
KIUBcacs acceptors, although ¥'UB¢1 was relatively inactive (Extended Data Fig. 5). Notably. a prior
study showed that a specific UBE2S glutamate (E34) is important for orienting the Lys11 acceptor®’,
althongh an F34D replacement is fully fimctional. We tested whether there is a correlation with acceptor
side-chain length in our assays. An F34D replacement did not overtly increase sensitivity to acceptor
lysine substitutions, again ndicating greater tolerance by UBE2S (Extended Data Fig. 5c).

Motivated by the observation that not all enzymes are sensitive to lysine architecture, we next sought to
characterize the UB chain forming enzyme UBE2D3 (aka UBCHS5C) as its activity is particularly
perplexing. UBE2D3 is pronuscuous and thought to be nonspecific: UBE2D3 collaborates with a large
swath of E3s, can transfer UB to mumerous protein substrates as well as to active site cysteines in HECT -
and RBE-family E3s, generates a range of UB chain hinkages including Lys11, Lys48 and Lys63
acceptors, and forms branched UB chains in nmultiple turnover, polyubiquitylation conditions!**** We
thus established pulse-chase assays to exanune the di-UB products of UBE2D3--UB. which revealed
preferential targeting to Lys11 and Lys63 according fo absolute quantitation by mass spectrometry (Fig.
4a). As such, we were intrigued by the observation that when a ™ UBcs acceptor is added to
UBE2D3~UB. the SDS-PAGE mobility of the di-UB products differed from those formed with a native
UB acceptor. Becanse different UB chain linkages could impact compactness and other properties
influencing electrophoretic migration, the result hinted at distinct di-UB products (Fig. 4b).

We developed a targeted mass spectrometry strategy to quantify the distribution of the UB chain linkage
types formed with the native Iysines. Although the method does not detect chains linked to the unnatural
amino acid, it quantifies the relative UB linkages to the remaining lysines in the in reactions with
HlUBcs, ¥¥UBcs, or *¥*UBcs compared to reactions with C4 acceptor UB (see methods). The addition
of ®'UBcs or *¥UBcs acceptors to UBE2D3~-UB result in a distribution of the measured di-UB linkage

5
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fypes similar to the one observed with UB cs (Fig. 4c.d and Extended Data Fig. 6). However, adding an
extra methylene group to the side-chain at Lvs48 does alter the distribution of di-UB species formed.
The change between preferred acceptors could be accounted for by two observations. First, there is a
relative redistributionredistribution from Lys63- to Lys11-linkages. Second, although the di-UBs linked
via Lys27, Lys29, and Lys33 remain a minor proportion of the total, the utilization of these non-
preferred acceptors increased compared to UB ¢ Thus. the location on UB is a determinant of the
requirement for a UBgy acceptor for a multifimetional ubiquitylating enzyme.

Molecular Dyvnamics simulations suggest pleiotropic effects of an addironal lysine side-chain
methvlene

To gain insights into potential structural effects of adding a methylene group to the acceptor side-chain,
we performed Molecular Dynamics (WMD) sinmilations on native UBcwor UBcsat position 11, 48, or 63.
Two independent sinmlations were performed over 50 ns. For each variant, the overall structure of the
UB globular domain (excluding residues 71-76) was preserved, with 1.618 A (native). 1.271 A (residue
11). 1200 A (residue 48), and 1494 A (residue 63) average Ca RMSD across the sinmiations.
Nonetheless, during these sinmlations. we observed differences at the C5 site when compared with the
native Lys side-chain: (1) The additional methylene group increases the potential range of distances
between the anuno acid alpha carbon and side-chain amine. Fxamining the distributions of this distance
shows limifed overlap between the relative side-chain anine position in the native Lys and C5 at all
three positions, with the mean distance consistently larger for C5 (Fig. 53). Tlus would effectively
impart a greater radivs to the C5 side-chain primary amine when considering the backbone as the axis
of rotation. (2) The additional methylene group expanded the number of potential rotamers from 81 to
273. While only a subset of rotamers were observed across the MD sinmlations, more were accessed
by the C5 side-chain in every case (C4:C3 ratios: residue 11 56:82; residue 48 65:117; residue 63 43:94).
(3) The dvnamics for Chi angles also differ. In particular, Chi4 oscillates for C5 fluctuates more
frecquently between the three rotamer bins. This would cause more rapid fluctuation of the side-chain
amine position (Fig. 5b and Extended Data Fig. 7a). (4) With C5 at positions 48 and 63, there were also
subtle, but reproducible, increases in fluctuations in pli and psi angles and an increased oumber of
allowable phi/psi combinations observed in the sinmlations (C4:C5 ratios: residue 11 185:175; residue
48 138:169; residue 63 73:90) (Fig. 5c.d). Collectively. between backbone and rotamer combinations
we typically observed more states accessible to the C5 residue, with a noficeable increase. of over 1000
additional states, occurring at positions 48 and 63 (C4:C5 ratios: position 11 2942:3016; position 48
2042:4261; position 63 1188:2561).

We firther probed the effect of the C5 side-chain by modeling the UBEXN-donor UB/UBE2V1/
accepfor UB intermediate, building on the crystal stmucture of a chemically-stabilized minic of this
complex. and on prior studies of UB discharge from UBE2N*-*". We used Rosetta to construct a starting
model, where the deprotonated accepfor side-chain amine group is 1 a fetrahedral approach in relation
to the donor UB G76 alpha carbon and we selected a starting model based on the lowest EMSD to
UBE2V1 position. Three independent MD sinmlations (25 ns each) probed the position of native
acceptor K63 or the C5 substitution relative to the UBE2ZN-UB active site. On average. the MD
trajectories for the native acceptor K63 hovered in the vicimty of the thioester. By confrast, its C35
counterpart departed the active site within the first 20% of the MD sinmlation. and did not return,
suggesting that the additional conformational states afforded to E63 C5 could frustrate prolonged
positioning of near-transition state infermediates of nucleophilic attack (Fig. Se and Fxtended Data Fig.
7b).
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Diverse effects of acceptor Ivsine architecture on kinetic parameters of UB chain formation by
linkage specific enzymes

Quantitative biochemical experiments were performed to estimate kinefic constants and illuminate
mechanistic roles for UBcs. Upon substantially increasing reaction time as well as profein levels under
steady-state conditions. di-UB formation was now detectable for UBE2N/UBE2V1 with ¥ UBcs
acceptor. Here, the value of k., was 17-fold lower for ¥ UB¢s in comparison with ¥5T7By (Table 1).
consistent with the striking results from the pulse-chase assays (Fig. 2).

While defects in enzyme activity can manifest themselves through a variety of perfurbations, the failure
to activate the acceptor lysine amine or weakening of the binding affinity of the acceptor UB for the E2
are quite common'®!™*!. Based on a pioneering investigation of the related modification sumoylation,
E2s are thought to catalvze ubiquitylation at least in part throngh the active site complementing the
acceptor lysine to achieve pK; suppression®. More specifically, several residues within the E2 active
site considerably suppress the substrate lysine p&; through stabilizing interactions that compensate for
the energetic penalty of desolvation™*-!. As such, UBE2N/UBE2V1 activity (with a K92R mutation
to decrease autoubiquitylation at high pH*) was measured in the presence of *UBcs or *¥UBcs across
varying pHs (Table 1, Extended Data Fig. 8 a-c). While caution should be taken when interpreting
apparent pK; values. since both ko and Kyymay display pH dependencies of their own®, the data fit best
to a mode]l where a single ionizing species is responsible for the pH dependency of fue: (Extended Data
Fig 8c). Surprisingly. both C4 and C5 UBs share similar apparent pRovalues (8.9 and 9 0, respectively;
Table 1). suggesting that the observed defect in k.. mav be due to factors other than desclvation of the
acceptor amine group. The estimated K, values of B5UB ¢, or BSUB.s for UBE2N/UBE2V1 were within
2-fold, suggesting that both UBs have similar affinity for the UBEXN/UBE2V1 complex (Table 1 and
Extended Data Fig. 8d.e). Thus, defective catalysis seemingly arises from other effects of the additional
methylene in the acceptor UB side-chain.

We also considered that the presence of an E3 may affect acceptor UB lvsine specificity as E3s
commonly restrict the position of the donor UB~E2 thicester'*. Indeed. the RING domain of RNF4
greatly impacted UBE?N/TIBE2V1-catalyzed di-UB formation by both lowering the Ky, of acceptor UB
for E2 and by increasing f by approximately 10-fold (Table 1 and Extended Data Fig 8f.g).
Interestingly, only modest effects were observed for both Ky (~2.5-fold) as well as kex (~4-fold) in the
presence of *¥UBcs. Taken in combination, these effects are not greater than those observed in the
absence of E3.

To determine whether the impact of **UBcs on UBE2N/UBE2V1 may apply generally across E2s,
kinetic parameters were next estimated for UBE2R2. Here, B¥UBc. and ¥5UB¢s have apparent pkl,
values of 6.6 and 7.3, respectively (Table 1 and Extended Data Fig. @3 b). While statistically significant,
this modest difference is msufficient to explain the nearly 100-fold difference in the rate of di-UB
formation when reactions containing **UBcs or ¥*UBcs were performed at pH 9.7 (Table 1). A 4-fold
difference was observed when comparing the estimated K vahies of ™ UBcs or #*UBcs. whereas the
kzar value from reactions containing **UBcs was 13-fold lower than for those containing ®**UBca (Table
1 and Extended Diata Fig 9c d). Thus. for UBE2R2, defects in p&; suppression and acceptor UB binding
are insufficient, even in comibination, fo explain the observed losses in the rates of di-UB formation in
the presence of C3. Note that apparent pA, values could not be performed for UBE2RZ in the presence
of its CRL1 E3 partner due to lack of activity at alkaline pH.

Finally, kinetic experiments were performed on the HECT E3 Rsp3p in the presence of either **UBcs
or “*UBcs. While we were also unable to estimate the apparent pK; for these reactions due to loss of
7
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enzyme activity at higher pH values, the K of acceptor UB for Rsp3p was estimated for both **UBcsy
and ™ TUBcs (Table 1 and Extended Data Fig. 9e.f). Remarkably. a 16-fold difference in the Ky of
acceptor UB for Rsp5p was observed, whereas only a ~2.5-fold difference in ko occurred when acceptor
UB was saturating for Rsp3p. Owverall. the kinetic results unveiled a remarkable spectrum of effects of
the lysine side-chain ruler on ubiquitin-carying enzyme activities.

Discussion

The UB svstem. with its myriad components that collectively form a UB code oversees a tremendous
mumber of distinct signal transduction events. To do so without producing undesirable cross-talk
requires exquisite specificity of the E2 and E3 enzymes that “write™ the UB code. Indeed, there has been
great focus on how specificity 1s determined over large scales —tens to hmundreds of angstroms —in fenms
of how substrates are placed relative to UB carrying enzymes™. Major effort has also been applied to
deciphering the combined catalytic roles of many conserved residues beyond active site cysteines in UB
carrying enzymes'' 120 The roles of acceptor residues have been also studied in terms of different
mucleophilic atoms within natural protein amino acid side-chains. UB carrying enzymes display
remarkable ranges of reactivities with distinet acceptors within various contexts. including discharge of
their thioester-bonded UB to nonspecific amines such as hydroxylamine, free lysine amine acids or even
free cysteine or threonine*>%* (or Dap, Om and hLys as shown for UBEZN/UBE2V1 (Fig. 1b.c)).
Moreover, UB can be forcibly enzymatically linked to serine or lysine replacements of E2 or E3 catalytic
cysteines, as well as to such residues in the vicinity of the active site to enable structural biology ™.
Thus, in light of the previous findings. it was not surprising that an 2 conjugating enzyme, UBE2S,
could tolerate E'UBc, s acceptors!”.

Unexpectedly. however, our data shows that many different UB chain forming enrymes are strikingly
sensitive to the lysine side-chain hydrocarbon linker at the 1-2 Angstrom length scale as determined by
a single methylene. Biochemical assays show that UBcs can affect the Ku ke, and pK; of the amine
(Table 1}. Meanwhile. molecular dynamics sinmlations unveiled pleiotropic structural effects, including
additional degrees of freedom more flexible side chains. and more dynamics in the backbone (Fig 5).
Tt night stand to reason that side chains that are too short simply could not span the distance between
the acceptor UB backbone and UB carrying enzyme active site. Howewver, the fact that the UBgs analogs
impacted most enzymes tested — and had an effect upon replacing Lys48 in uhility of acceptor sites by
the seemingly “promiscuous™ UBE2D3* - further indicates that the role of the acceptor side-chain is
more than one of simply spanning the distance between the amine and the active site.

For both UBEZN/UBE2WV] and UBE2E2, the muild effects on apparent pE, and/or Ky are insufficient to
explain the defects in k. observed upon acceptor lysine substitution with the C5 amino acid (Table 1).
The MD sinmlations pointed toward several possible features of the lysme side chain length that may
be optimal for E2-catalyzed UB chain formation. For example, for UB chain forming configurations
where substrate binding and/or lysine positioning are rate-limiting, it seems that the increased entropy
afforded by an exira methvlene group in the targeted side chain could decrease the frequency of catalytic
encounter (Fig. 5). Interestingly. this notion would provide a mechanism distinct from that of another
E2, UBE2W, for which a confluence of disorder between a flexible substrate N-termuinus and a
noncanonical E2 C-terminus guides ubiquitvlation to a substrate’s N-terminal amine”’. Rather than
demanding disorder, these systems appear to favor a calibrated reach by the mucleoplile that also nmst
have restrained degrees of freedom

In addition to entropic effects on the side chain. the hydrocarbon linker length could also affect catalysis

in cases where chemistry is rate limiting. For examyple, as shown for UBE2N (without UBE2VI-RING

E3 partners), there is a precise “hole™ fitting the Ivsine amine, and attack on the thioester carbonyl is
8

214



Linkage-specific ubiquitin chain formation depends on a lysine hydrocarbon ruler

rate-limiting*®. The acceptor UB lysine itself may be optimal not only for accessing the amine hole, but
also for the chemistry of ubiquitylation Indeed. this would be consistent with UB discharge to free
side-chain amine acceptors irespective of hydrocarbon length. and a dramatic mmpact on kg in the
context of acceptor UB. One would also predict little impact on Ky in such a case, although lack of an
effect on Ky may also reflect that the additional methylene does not impact acceptor UB recrutment to
an awxiliary UB-binding domain.

Notably. the impact of acceptor side-chain length on the HECT E3 Rspip represents the opposite
extreme. The predominant effect on Ky implies a role of the acceptor Lys ifself in productive binding
to the E3. It is possible that local interactions — awatting elucidation by futhure structural studies -
dominate acceptor UB recruitment™. It is also possible that placement of the acceptor lysine in the
HECT-UB active site allosterically stabilizes the conformation that binds the acceptor UB* or
otherwise contributes to productive inferactions.

While our study relied on installing side-chain chemical vanants, it seems likely that in the cellular
milien. many natural factors — inchuding linkage within a chain and binding to protein pariners — could
influence presentation of acceptor lysines resulting in specificity with E2 and E3 enzymes. We also
speculate that such features may be manifested within the structures of the protein substrates themselves,
thereby contrituting to lysine targeting during direct substrate ubiquitylation. While strong preferences
for lysine side-chains may contribute to the robustness of some ubiquitvlation pathwavs that elicit
proteasomal degradation even when preferred targeting sites are unavailable, such features may also
influence not only successes but also failures of targeted protein degradation strategies that rely on small
molecules to direct proteins of therapeutic interest to ubiquitylating enzymes®.6!

Finally, it is noteworthy that E2--UB and (E3) HECT--UB active sites are structurally distinct. Thus, the
demand for native lysine C4 acceptor geometrv in the course of chain building seems to be a general
property of UB acceptors that could extend across many of the hundreds of EZ/E3 ligation svstems.
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Figure 1 | UBE2N-UB/UBEXZVI/RNF4 RING E3 reacts preferentially with free amino acids
harboring amine acceptors and various side-chain hvdrocarbon linkers. (a) Carfoon of
experimental scheme, monitoring reactivity of E2-UB (D refers to the “donor”™ fluorescent UB to be
transferred from E2) toward various free amino acid mucleophiles. (b) Time-course of fluorescent UB
discharge from UBE2N~UB/UBE2V1/RNF4 RING E3 to the indicated amino acids. normalized to
starting signal of fluorescent UB thioester-bonded to UBEXN. (¢) Summary of rates in (b) calculated
according to a one-phase nonlinear fit of exponential decay.
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Figure 2 | K48 and K63 chain-forming E2s show strong preference for a native lysine acceptor on
ubiguitin. (a) Structure of UB (PDB:3CMM) showing lysines as spheres, highlighting in vellow K11,
K48, and K63 where analogues were installed for this study. (b) Cartoon of experimental scheme,
monitoring reactivity of E2-UB (D refers to the “donor™ fluorescent UB to be transferred from E2)
toward various versuions of UB. Color coding for acceptor lysine analogues denoted as C1-C5 based
on 1-5 side-chain methylene groups. respectively. (¢) Amount of di-UB chain produced by
UBE2N/UBE2V1 with UBs harboring the indicated acceptor side-chain at position 63 in the absence
(left) or presence (right) of the E3 RING domain from RNF4. (d) Amount of di-UB chain produced by
E2s UBE2G] and UBE2E2 in absence (left), or presence (nuddle) of cognate E3s. NEDDS-CEL4 or
NEDDE-CELI, respectively that activate substrate-independent di-UB synthesis. E2-dependent di-UB
forming activity in the context of E3-bound substrates was tested with substrates (sortase-mediated
BB c1cs linked to phospho-Cyclin E peptide or IKZF1 ZF2-3) of CRL1EW or CRLATE (right). (e)
Di-UB formed by K48 UB chain-forming F2 UBE2G1 with ¥ UBcics acceptors in absence (left) or
presence (right) of neddvlated CRL4 (NSCEL4). (f) Di-UB formed by K63 UB chain-forming
mmltiprotein E2 UBE2N/UBE2V1 with the *UBc1.cs acceptors in absence (left) or presence (right) of
the E3 FNF4 RING domain. For all bar graphs. intensities represent the final time-points from the
reactions (Extended Data Fig. 2), N=2.

11

217



Linkage-specific ubiquitin chain formation depends on a lysine hydrocarbon ruler

- +

us*

B K48
accaplor mutaris

ug*

LB KB3
accapior mutants

=
B

0.5 Rsp5p ; RspSp

diLE [LM]
[ ]
fa

diUB [uhd]

“KBARCY1 C2 C3 C4 C4 C5
Bio

“H48RC1 C2 C3 C4 C4 C5
Bio

0.5 NEDD4 .1 0.3 NED[M 1

. 0.4 5
= ;
203
m
= 0.3
=] 5

0.1

L y 0

KB3IRCT1 C2 C3 C4 Egz c5 K4BRC1 C2
(o]

Figure 3 | K63 chain forming HECT E3 ligases show strong preferences for a native lysine
acceptor on ubiquitin, With an active site that is distinet from E? conjugating enzymes and unlike any
of the other E3s tested. a HECT E3 catalytic cvsteine forms a thioester intermediate en route to forming
an isopeptide bond with a K63 UB acceptor. (a) The K63 chain-forming HECT E3s NEDD4-1 and
Rsp3p strongly prefer the *UBcs acceptor, and (b) react equally with the **¥UBc1.cs series. () Sortase-
mediated transpeptidation was used to fuse the C-terminus of **UBcs, ®*UBcs, or “*FUB to a truncated
peptide of the Rsp5p substrate Sna4p. which harbors a degron motif. Added to preformed E2--UB*, the
ES By o M UBCs-Snadp conjugates reveal striking preference for native lysine in the generation of a
Lys63-linked polvubiquitin chain by HECT ligase. All bar graphs show the average of two replicates.
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Figure 4 | The location of homolysine on acceptor UB impacits ratios of less preferred chain-tvpes
produced by UBE2D3.

(a) UBE2D3~UB activated by a RING E3 (RNF4) can catalvze the synthesis of diverse dilB linkages.
The dil’B linkage type distribution. based on absolute quantitation via mass spectrometry, is represented
in a pie chart. The reaction was performed in the presence of wild-type donor and acceptor UBs. (b)
We charged UBE2D3 with fluorescent UB (UBE2D3~UB*), and then added the E3 RNF4 RING
domain and the following UB acceptors: M!'UBcs, ¥¥UBcs, or ™ UBcs. SDS-PAGE detecting UB*
shows diverse mobilities of UB-UB* products for the chemically variant acceptors. indicating
production of different chain types. (c) Relative fold changes of dilJB linkage types (rows) produced by
reactions similar to those in (b) with ®'UBcs. ¥¥UBcs, or ®*UBcs acceptors (colummns) compared to
reactions with UBcs as an acceptor. Notice how a C5 linker at UB position 48 distorts the distribution
of chain-types. Since our protocol calculates the ratios of analogous peptides between UBgs and UBes
reactions, the ratios for peptides bearing a C5 linker could not be calculated and are labeled as “not
defined’ (N.D.). (d) Relative chain-type abundance comparison between reactions using **UBcs and
UBcs as acceptors. Notably, the amount of Lys11-linked dilJB, a main product of the wild-type reaction
more than doubled, while amounts of Lys27. Lys29, and Lys33-linked diUB also significantly
increased. Bars represent the mean of three independent replicates (dots).
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Figure 5 | Molecular Dynamics simulations reveal unique geometries for lysine residues on
ubiquitin harboring an extra methylene group in the side-chain. Simulations were completed for
UBcsand UBgs at positions 11, 48, and 63. as well as for the UBE2N~donor UB/UBE2V'1/ acceptor UB
complex. (a) Distribution of acceptor amine to donor Ca distances for C4 versus C5 in the simulations.
(b) Chi4 interconversion rate between 120-degree rotamer bins in the simulations. Distribution of Lysine
side chain Chi4 angles according to 120-degree rotamer binds for C4 versus C5. (¢) Phi and (d) Psi
interconversion rate between 10 degree bins. (e) 3 independent 25 ns trajectories (colored differently)
of the UBE2N~UB acceptor UBcs vs *¥UBcs complex. The distance between the acceptor UB's side-
chain nitrogen atom and donor UB's carbonyl carbon is calculated for each frame of the trajectories and
plotted (in light gray, slate gray. and dark gray) along with an average of the three runs (in black).
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k. o Y and K for ubigquitin carrying enzymes with native vs. homolysine acceptor UBs

E2/E3 UB  Lys pk 95%CL %) 9530 CL K (10°M) 95% CL k_ (hr) 95% CL
: (top pH) -
UBE2NV1  c4,, K63 180 142258 61 5569
UBE2NA/ c4 K63 89 8790 158 147171 398 293563 34 2940
UBE2NA/1 C5 K83 90 8992 06 0507 284 185456 0.2 017026
UBE2NA1 + RNF4 C4 K863 23 15-34 391 353432
UBE2NNV1 + RNF4 C5 K83 58 47-72 93 8799
UBE2R2 C4 K48 66 6568 267 256278 528 294939 158 132-19.2
UBE2R2 G5 K48 7.3 7075 0028 00250030 1940 1331-2674 1.1  1.0-1.3
RSP5 ca  Ks3 210 171257 1.1 1.068-1.17
RSP5 C5  Ka3 3349 26024212 044 040-049
Table 1

Kinetic parameters apparent pXa, the rate of di-UB formation, &ss:, for UBE2ZN/UBE2V1 and UBE2R2
at pH 10.1 or 9.7. respectively. the Kyrof acceptor UB for E2 or E3. and ke for various ubiquitin carrying

enzymes. The 95% confidence limits (CL) are provided as estimates for the error of measurement. R?
values for the fit of the models to the data have been provided in Extended Data Figures 8 and 9.
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At the end of 2019, several cases of severe pneumonia were reported in Wuhan in eastern China,
and early in January 2020, next-generation sequencing revealed a novel coronavirus, later
named SARS-CoV-2, as the cause for this disease. High infectivity of SARS-CoV-2 resulted in
rapid global spreading. Thus, the coronavirus pandemic, also known as the COVID-19 pandemic,

arguably became the most serious global health crisis of our time.

The sudden emergence of SARS-CoV-2 urgently requires an in-depth understanding of the viral
infection process at the molecular level. In collaboration with the group of Andreas Pichimair at
the TUM, using state-of-the-art mass spectrometry techniques, we characterized the impact of
viral infection on protein abundance, ubiquitination and phosphorylation in a time-resolved
manner. Building on my previous experience and technological developments, | led the efforts
on PTM analysis of virus infection on the Max Planck side of the collaboration. The information
we have gained about the dynamic modulation of multiple host signaling pathways upon virus
entry into host cells enabled us to identify unique and common molecular mechanisms of SARS
coronaviruses. We hope that our resource data will provide an important basis for further

translational research and likely lead to new approaches for the search for antiviral compounds.
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Abstract:

The sudden global emergence of SARS-CoV-2 urgently requires an in-depth understanding of molecular
functions of viral protemns and their inferactions with the host proteome. —Several omics studies have
extended our knowledge of COVID-19 pathophysiology. including some focused on a proteomics
aspects'™. To understand how SARS-CoV-2 and related coronaviruses manipulate the host we here
characterized inferactome. proteome and signaling processes in a systems-wide manner. This identified
connections between the corresponding cellular events, revealed functional effects of the individual viral
profeins and put these findings into the context of host signaling pathways. We tnvestigated the closely
related SARS-CoV-2 and SARS-CoV viruses as well as the influence of SARS-CoV-2 on transcriptome,
proteome, ubicquuitinome and phosphoproteome of a lung-derived lmman cell line. Projecting these data
onto the global network of cellular inferactions revealed relationships between the perfurbations taling
place upon SARS-CoV-2 infection at different lavers and identified vnique and common molecular
mechanisms of SARS coronavimses. The results highlight the functionality of individual proteins as
well as vulnerability hotspots of SARS-CoV-2, which we targeted with clinically approved dmgs. We
exemplify this by identification of kinase inhibitors as well as MMMPase inlubitors with significant
antiviral effects against SARS-CoV-2.
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Main text:

To identify interactions of SARS-CoV-2 and SARS-CoV with cellular proteins. we transduced A549
lung carcinoma cells with lentiviruses expressing individual HA-tagged wviral proteins (Figure la,
Extended data Fig. 1a, Supplementary Table 1). Affimty purification followed by mass spectrometry
analysis (AP-MS) and statistical modelling of the MS51-level quantitative data allowed identification
of 1484 interactions between 1086 cellular protemns and 22 SARS-CoV-2 and 26 SARS-CoV bait
proteins (Figure 1b, Extended data Fig. 1b, Supplementary Table 2). The resulting virus-host inferaction
network revealed a wide range of cellular activities intercepted by SARS-CoV-2 and SARS-CoV
(Figure 1b. Extended data Table 1. Supplementary Table 2). In particular, we discovered that SARS-
CoV-2 targets a mumber of key cellular regulators involved in mnate immmmity (ORF7b-MAVS, -
UNC93B1). stress response components (N-HSPA1A) and DNA damage response mediators (ORF 7a-
ATM, -ATR) (Figure 1b, Extended data Fig. 1c-€). Overall, SARS-CoV-2 interacts with specific protein
complexes contributing fo a range of biological processes (Supplementary Table 2). To evaluate the
consequences of these inferactions on cellular proteostasis, we proceeded with the total proteome
analysis of A540 cells expressing the 69 individual viral proteins (Figure 1a, d. Supplementary Table
4). The analysis of the proteome changes indured by each wviral protein and consideration of the
interactions of this respective protein provided direct insights into their functions. For instance, we
confirmed that ORF% of SARS-CoV-2 leads to a dysregulation of mitochondrial fimctions (Figure 1d,
Supplementary Table 4). as was previously reported for SARS-CoV®, comrelating with the binding of
ORF% of both viruses to TOMMT70 (Figure 1b. Supplementary Table 2)'. a known regulator of
mitophagy®, which was not yet known for SARS-CoV ORFOb. Importantly, this approach identified
novel SARS-CoV-2 activities. such as the regulation of proteins involved in cholesterol metabolism by
NSP6 (Figure 1d. Supplementary Table 4). Despite the high similarity of SARS-CoV-2 and SARS-
CoV?, these datasets allow to discriminate the commonalities and differences of both viruses, which
may in part explain the characteristics in pathogenicity and transnussion capabilities. By comparnng the
AP-MS data of homologous SARS-CoV-2 and SARS-CoV proteins., we idenfified sigmificant
differences in the enrichment of individual host targets, highlighting potential virus-specific interactions
(Figure 10 (edge color). Figure 1c, Extended data Fig. 1f-h). For instance, we could recapimiate the
known interaction between SARS-CoV NSP2 and prohibitins (PHB. PHB2)'. whereas their entichment
was not observed for NSP2 of SARS-CoV-2 (Extended data Fig. 1g). Alternatively. we found that ORF8
of SARS-CoV-2, but not its SARS-CoV homolog, binds specifically to the TGFB1-LTBP1 complex

(Extended data Fig. 1. h).

To obtain information on the concerted activity of the viral proteins during infection. we infected ACE2-
expressing A540 cells (Extended data Fig. 2a b) with SARS-CoV-2, and profiled the impact of viral
infection on mENA franscription, protein abundance. ubiquitination and phosphorylation in a time-
resolved manner (Figure 2a-e. Supplementary Tables 5 - 8. Methods). In line with previous reports®®,
we did not observe major upregulation of type-I interferons and related genes at the mENA level (e.g.
IFNEB. IFTT3, M3 1; Extended data Fig. 2c, d, Supplementary Table 3), suggesting active viral inhibition
of this system In contrast, SARS-CoV-2 upregulated NF-«B and stress responses, as inferred from the
induction of ILG, C3CL2 and TUNs and transcription factor enrichment analysis (Extended data Fig. 2c
- e, Supplementary Tables 3. 5, Methods). At the proteome level, we found 1053 regulated proteins
(Figure 2a-b). Most notably, SARS-CoV-2 infection failed to induce an inferferon response pattern
indicative for an appropnate cellular antiviral response in fhis dataset (Extended data Fig. 2f
Supplementary Table 4). We complemented these data with global MS analysis of protein
ubicuitination. which revealed 884 sites that were differentially regulated after SARS-CoV-2 infection
(Figure 2a-c. Extended data Fig. 2f Supplementary Table 7). A number of proteins displayved both
differential abundance and dynamic ubiquitination patterns in an infection-dependent manner (e g.
2
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mediators of caveolar-mediated endocyiosis signaling) (Figure 2c, Extended data Fig. 2f
Supplementary Tables 3, 6, 7). Notably, EFNB1. POLE2?B, TYMS and DHFR. showed concomitant
ubiquitination and a decrease at the protein level (Figure 2c. Extended data Fig. 2f Supplementary
Tables 6, 7). Moreover, we identified two upregulated ubiquitination sites on ACE?. including one
previously unknown (K702) (Figure 2c, Extended data Fig. 2f4). suggesting an alternative post-
translational mechanism of its degradation upon SARS-CoV-2 infection besides the cleavage by matrix
metalloproteinases'™!!. We identified multiple vet undescribed ubiquitination sites on viral proteins,
which may be tied to the interactions with several E3 ligases observed in the inferactome (g.g. ORF3
and TRIM47, WWP1/2, STUB1; M and TRIM7; NSP13 and RINGI) (Extended data Fig 2j,
Supplementary Table 7) and likely indicative of cross-falks between ubiquitination and viral protein
functions. Moreover, in the phosphoproteomic analysis, we mapped nltiple novel phosphorylation
sites on viral proteins (M, N, 5 and ORF%b), which correspond to known recognition motifs of GSE3,
CSNEs, GPCR, AKT, CAMEKSs, and ERKs (Extended data Fig. 2k, Supplementary Table 8). Of 11,847
fotal quanfified phosphorvlation sites. 1483 showed sigmficant changes after SARS-CoV-2 infection
(Extended data Fig. 21, Supplementary Table 8). The regulation of known phosphosites suggests an
mvolvement of central kinases known to modulate kev cellular pathways, e.g. EPHAZ — focal adhesion
RPS6Es — cell survival, CDEs — cell cycle progression, AKT — cell growth, survival and mofility, p38,
JNE. ERK — stress responses, ATM. and CHEEK1/2 — DNA damage response, during virns infection
(Extended data Fig. 21 m Supplementary Tables 3. 8). Intriguingly, we could also observe an interplay
of phosphorvlation and ubiquitination on YAPI1, a downstream regulatory farget of Hippo signalling
(Figure 2d), underlining the value of testing different post-translational modifications sinmltaneously.
Combining these datasets. describing different aspects of SARS-CoV-2 infection allowed us to
determine the key pathways perturbed during the infection, such as stress and DNA damage response,
regulation of transcription and cell junction orgamsation at various levels (Figure 2e. see Methods).

The systematic interactome and proteome profiling of mdividual viral protemns provided us with the
opporhumity to gain deeper mnderstanding of their molecular mechanisms. For each wviral protein, we
mapped the collected data onto the global network of cellular inferactions' and applied a network
diffusion approach®. Such analysis identifies short links of known protein-protein interactions.
signaling and regulation events that connect the interactors of the viral protein with the proteins affected
by its expression (Figure 3a, Extended data Fig. 3a, Supplementary Table @) The connections predicted
using the real data were significantly shorter than for the randomized data, confirming both relevance
of the approach and the data quality (Extended data Fig. 3a, b). Amongst many other findings this
approach pointed towards the potenfial mechanisms of autophagy regulation by ORF3 and NSPG; the
modulation of innate immunity by M, ORF3 and ORF7b; and the Integrin-TGFp-EGFR-RTK signaling
perturbation by OFRFS of SARS-CoV-2 (Figure 3b-d, Supplementary Table 9). Enriching these
subnetworks with the SARS-CoV-? mfection-dependent mRNA abundance, protein abundance,
phosphorylation and ubiquutination (Figure 3a) allowed us to gain unprecedented insights info the
regulatory mechanisms emploved by SARS-CoV-2 (Figure 3e, Extended data Fig 3c. e). For instance,
this analysis confirmed a role of NSP6 in autophagy™ and revealed a significant inhibition of autophagic
flux by ORF3 leading to the accunmilation of autophagy receptors (SQSTML, GABARAPL.2 NBERI1,
CALCOCO2, MAPILC3B, TAX1BP1), also observed in vims-infected cells (SQSTMI, MAPILC3E)
(Figure 3e-). This inhibiion may be explained by the inferaction of ORF3 with the HOPS complex
(WVPS11, -16, -18, -39, 41). which is essential for autophagosome-lysosome fusion, as well as by the
differential phosphorvlation of regulatory sites of key components (AKT1, AKT151, SQSTMI1, RPSG).
The inhibition of the interferon response observed at transcriptional and proteome levels was similarly
explained by the network diffusion analvsis (Extended data Fig. 3c). demonstrating that multiple
proteins of SARS-CoV-2 are employed in the dismuption of antiviral imnmnity. Additional fimetional
expeniments corroborated the inhibition of interferon induction or signaling by OFF3. ORF6, ORF 7a,
3
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ORF7Tb, ORFo (Extended data Fig. 3d. Supplementary Table 10). Upon vims infection we observed
upregulation of TGEFP and EGEFR pathwavs, which modulate cell survival, motility and innate imnmmne
responses (Extended data Fig. 3e - g). Besides promoting vimus replication, activation of these pathways
has been implicated in fibrosis'*!®, one of the hallmarks of COVID-19"". Specifically, our network
diffiision analysis revealed the connection between the binding of OFF8 and ORF3 to TGEB-associated
factors (TGFB1. TGFB2. LTBP1. TGFBR2. FURIN, BAMBI) and the virus-induced upregulation of
fibrinogens, fibronectin, SERPINE1 and integrin(s) (Extended data Fig. 3e h)'®. The phosphorylation
of SMADL/5, and ERE. JNE. p38 cascade activation. as well as an increased expression of MMPs,
DUSPs, JUN, and EGR1 are indicative of TGFP and EGFR. pathway regulation. In tumn, they are known
to be potentiated by the increased integrin signaling and activation of YAP-dependent transcription!®,
which we observed upon SARS-CoV-2 mnfection (Extended data Fig. 3e).

Taken together, the viral-host protein-protein inferactions and pathway regulations observed at nmltiple
levels identify potential vulnerability points of SARS-CoV-2 that could be targeted by well-
characterized selective dmgs for anfiviral therapies. To test their antiviral efficacy, we established time-
lapse fluorescent microscopy of SARS-CoV-2 GFP-reporter virus infection™. Inhibition of virus
replication by type-I interferon treatment corroborated the necessity for SARS-CoV-2 to block this
pathway and confirmed the reliability of this screening approach (Figure 4a)**!. We tested a panel of 48
dmgs modulating the pathwavs perfurbed by the virus for their effects on SARS-CoV-2 replication
(Figure 4b, Supplementary Table 9). Notably. B-RAF (Sorafenib, Regorafenib, Dabrafenib). JAK1/2
(Banicitinib) and MAPE (SB 239063) inhibitors. among others, led to a significant increase of virus
growth in our in vifro infection setting (Figure 4b, Fxtended data Fig. 4, Supplementary Table 9). In
contrast, inducers of DINA damage (Tirapazamine, Rabusertib) or the mTOR mnhibitor (Rapamvein) led
to suppression of the vims The highest antiviral effect was seen for Giltenitinib (a designated
FLT3/AXL inhibitor), Ipatasertib (AKT inhibifor). Prinomastat and Marimastat (matnx
metalloproteinases inhubitors) (Figure 4b-e, Extended data Fig. 4. Supplementary Table 9). Remarkably,
these compounds profoundly inhibited replication of SARS-CoV-2 while having no or minor influence
on cell growth (Extended data Fig. 4. Supplementary Table 9). These mhibitors may pertub host
pathways required by the wirus or influence wviral protein activity throngh post-translational
modifications. Notably, we identified AKT as a potential kinase phosphorvlating SARS-CoV-2 protein
N (Extended data Fig 2k). indicating the possibility of a direct influence of Ipatasertib on the viral
protein.

This drug screen demonstrates the value of our combined dataset that profiles the infection of SARS-
CoV-2 at nmitiple levels. Further exploration of these rich data by the scientific community and
mnvestigating the interplay between different -omics levels will substanfially advance our knowledge of
coronavirs biology, in particular on the pathogenicity caused by highly virulent strains such as SARS-
CoV-2 and SARS-CoV. Moreover, this resource may streamline the search for anfiviral compounds
and serve as a base for intelligent design of combination therapies that aim at targeting the virus from
multiple, synergistic angles, thus potentiating the effect of individual drogs while minimizing side-
effects on healthy tissues.
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Figure legends:

Figure 1 | Joint analysis of SARS-CoV-2 and SARS-CoV protein-protein virus-host interactomes.

‘a) Experimental design to systematically compare the AP-MS interactomes and induced host proteome

‘hanges of the homologous SARS-CoV-2 and SARS-CoV wviral proteins. with ORF3 homologs of
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HCoV-NL63 and HCoV-220F as reference for pan coronavims specificitv. (b) Combined virus-host
profein interaction network of SARS-CoV-2 and SARS-CoV measured by affinity-purification coupled
to mass spectrometry. Homolog viral proteins are displaved as one node. Shared and virms-specific
imnteractions are denoted by the edge color. (¢) The mumbers of unique and shared host interactions
between the homologous proteins of SARS-CoV-2 and SARS-CoV. (d) Gene Ontology Biological
Processes enriched among the cellular proteins that are up- (red arrow)) or down- (blue arrow) regulated
upon overexpression of individual viral proteins.
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Figure 1 | Orthogonal profiling of SARS-CoV-2 infectdon. (a) Time-resolved profiling of SARS-
CoV-2 infection by multiple -omics methods. The plot shows normalized MS intensities of three SARS-
CoV-2 viral proteins over time. (b) Numbers of distinct transcripts. proteins, ubiquitination and
phosphorylation sites, up- or down-regulated at the mndicated time points after infection. as identified
using data independent (DIA) or dependent (DDA) acquisition methods. (¢) Volcano plot showing
ubiguitination sites regulated at 24h after SARS-CoV-2 infection. Viral proteins are marked in orange.
Selected significant ubiquutination sites (Student’s t-test, two-tatled, permmmitation-based FDR - 0.05, S0
= 0.1, n =4) are marked in black (d) Scatter plot of phosphorylation and ubiquitination sites on Yes-
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associated protein (Y AP1) regulated upon SARS-CoV-2 infection. Presented are fold changes compared
to mock at 6, 24 and 30 hours after infection S61 and S127 dephosphorylation lead to nuclear
franslocation. S131 phosphorvlation regulates protein stabilitv. Phosphorvlation of 5289 and 5367 1=
involved in cell cycle regulation. K321 deubiquitination leads to a decrease in YAP1 activation. (g)
Reactome pathwayvs enriched in up- (red arrow) or downregulated (blue arrow) franscripts, proteins,
ubiquitination- and phosphorylation sites (Fisher's exact test. unadjusted). DIA MS measurements are
marked in grey, DDA in black.
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identify finctional connections between the host targets of a viral protein and dovwnstream proteome
changes followed by the integration of RINA expression, profein abundance, ubiquitination and
phosphorvlation changes upon SARS-CoV-2 infection fo streamline the identification of affected host
pathways. (b-d) Subnetworks of the nefwork diffusion predictions linking host targets of (b) SARS-
CoV-2 ORF3 to the accummulation of factors invelved m autophagy, (¢) ORF7D to the factors involved
i mnate mmmnity and (d) ORFE to the factors nvolved in TGEP signaling. (e) Owverview of
perturbations to host-cell autophagy. induced by distinct proteins of SARS-CoV-2, derived from the
network diffusion model and owverlaid with the changes in protein levels, ubiquitination and
phosphorylation induced by SARS-CoV-2 infection. (f-i) Western blot of autophagy-associated factors
MAPILC3B-I and SQSTMI1 accunmlation upon SARS-CoV-2 ORF3 expression in (f) HEK293R1 and
(g-i) SARS-CoV-2 infection of A549-ACE2 cells. (h) Profile plot of SQSTM1 MS intensity and (i) line
diagram showing SOSTMI mENA level relative to RPLPD tested by gRT-PCR upon SARS-CoV-2
infection.
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Figure 4 | SARS-CoV-2-targeted pathways, revealed by multi-omics profiling approach, allow
svstemaric testing of novel antiviral cherapies. (a) AS49-ACE2 cells, exposed for 6h to the specified
concentrations of mterferon alpha and infected with SARS-CoV-2-GFP reporter virus (MOI 3). GFP
signal and cell confluency were analysed by live-cell imaging for 48h. Line diagrams show virus growth
over time of GFP-positive vs tofal cell area with indicated mean of four biological replicates. (b) AS49-
ACE? cells were treated with the indicated drugs 6h prior to infection with SARS-CoV-2-GFP (MOI
3). Scatter plot represents GFP vs total cell area signal (v-axis) versus cell confluency in uwminfected
control treatments (x-awis) at 48h after infection. A confluence cutoff of -0.2 log? fold change was
applied to remove cytotoxic compounds. (c-) as (a) buf line diagrams showing virus replication after
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(¢) Prinomastat, (d) Ipatasertib and (e) Gilteritinib pre-treatment. Asterisks indicate significance to
control treatment (Wilcoxon test; p-value = 0.01).

Material and Methods

Cell lines and reagents

HEEK?03T, A549 Vero E6 and HFK?03R1 cells and their respective culturing conditions were
described previously™. All cell lines were tested to be miycoplasma-free. Expression constructs for C-
terminal HA tagged viral ORFs were synthesised {Twist Bioscience and BioCat) and cloned into pWPI
vector as described previously” with the following modifications: starting ATG codon was added.
internal canonical splicing sites were replaced with synonymous nmtations and C-terminal HA-tag,
followed by amber stop codon, was added to individual viral open reading frames C-terminally
hemagglutinin{HA-tagged ACE? sequence was amplified from an ACE? expression vector (kindly
provided by Stefan Péhlmann)™ into the lentiviral vector pWPI-puro. A540 cells were transduced twice.
and ACEZ-expressing A549 (ACE2-A549) cells were selected with puromycin Lentiviruses
production, transduction of cells and antibiotic selection were performed as described previously™.
ENA-izolation (Macherey-INagel MucleoSpin ENA plus). reverse transcription (TaFaRa Bio
PrimeScript BT with gDINA eraser) and BT-qPCE. (Thermo-Fisher Scientific Powerllp SYBER green)
were performed as described previously®™. RNA-isolation for NGS applications was performed
according to mamifacturer’s protocol (Qiagen BNeasy muni kit, BNase free DiNase set). For detection
of protein abundance by western blotting. HA-HRP (Sigma-Aldrich), ACTB-HEP (Santa Cruz), ATM,
MAPILC3B, MAVS, HSPAIA, TGEpR and SQSTMI. phospho-TNK (T183/Y185), INK. phospho-p38
(T180/Y'182), p38 (Cell Signaling), SARS-CoV-2 (Sino Biological) antibodies were used. For AP-MS
and AP-WB applications. HA-beads (Sigma-Aldrich and Thermo Fisher Scientific) and Streptactin I
beads (IBA Lifesciences) were used. Secondary Abs: HRP and WB imaging was performed as described
previously®. For the stinmlation of cells in the reporter assay, recombinant uman inferferon-a (IFN-a)
was a kind gift from Peter Stiheli. recombinant numan IFN-y were purchased from PeproTech and IVT4
was produced as described before®®. All compounds tested during the viral inhibitor assay are listed in
Suppl. Table 0.

Virus sirains, stock preparation, plaque assay and in vifre infection

SARS-CoV-2-MUC-IMB-1 and SARS-CoV-2-GFP strains™ were produced by infecting Vero E6 cells
cultured in DMEM medium (10% FCS, 100 ug/ml Streptomycin, 100 IU/ml Penicillin) for 2 days (MOI
0,01). Viral stock was harvested and spun twice (1000g/10min) before storage at -80°C Titer of viral
stock was determined by plague assay. Confluent monolavers of VeroEG cells were infected with serial
five-fold dilutions of virs supernatants for 1 h at 37 °C. The inoculum was removed and replaced with
serum-free MEM (Gibeo, Life Technologies) confaiming (.5% carboxymethylcellulose (Sigma-
Aldrich). Two davs post-infection. cells were fixed for 20 minutes at room temperature with
formaldehyde directly added to the medium to a final concentration of 5%. Fixed cells were washed
extensively with PBS before staining with H?O containing 1% crystal violet and 10% ethanol for 20
minutes. After rinsing with PBS, the number of plaques was counted and the virus titer was calculated.

AS549-ACE2 cells were infected with SARS-CoV-2-MUC-IMB-1 strain (MOI 3) for the subsequent
experiments. At each time point, the samples were washed once with 1x TBS buffer and harvested in
SDC Tysis buffer (100 mM Tris HCI pH 8.5; 4% SDC) or 1x SSB lysis buffer (62.5 mM Tris HC1 pH
6.8; 2% SDS; 10% glycerol: 50 mM DTT: 0.01% bromophenol blue) or RLT (Qiagen) for proteome-
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phosphoproteome-ubiquitinome western blot, and transcriptome analyses, respectively. The samples
were heat-inactivated and frozen at -80°C until further processing, as described in the following sections.

Affinity purification mass spectrometric analyses of SARS-COV-2, SARS-COV and HCoV
protein expressing A549 cells

For the determination of SARS-COV-2, SARS-COV and partial HCoV interactomes, four replicate
affinity purifications were performed for each HA-tagged viral protein. A549 cells (6x10° cells per 15-
cm dish) were transduced with HA-tagged SARS-COV-2, SARS-COV or HCoV protein coding
lentivims and harvested three days post transduction. Cell pellets of two 13-cm dishes were Ivsed in
Lysis buffer (50 mM Tris-HCI pH 7.5, 100 mM NaCl. 1.5 mM MgCl, 0.2% (wv) NP-40, 5% (v/v)
glyeerol, cOmplete protease inhibitor cocldail (Roche), 0.5% (wiv) 730 U/l Sm DM Ase) and sonicated
(5 mun 4°C, 30 sec on, 30 sec off. low seftings; Bioruptor, Diagenode SA). Following normalization of
profein concentrations cleared lysates, vimis protein-bound host proteins were enriched by adding 50 pl
anti-HA-agarose shurry (Sigma-Aldrich, A2095) with constant agitation for 3h at 4°C. Non-specifically
bound proteins were removed by four subsequent washes with lyvsis buffer followed by three detergent-
removal steps with washing buffer (50 mM Tris-HCIL pH 7.5, 100 mM NaCl, 1.5 mM MgClz, 5% (viv)
glveerol). Enriched proteins were denatured, reduced. allovlated and digested by addition of 200 ul
digestion buffer (0.6 M GdmCl, 1 mM TCEP, 4 mM CAA 100 mM Tns-HCI pH 8. 0.5 pg LysC
(WAKO Chemicals). 0.5 ug trvpsin (Promega) at 30°C overnight. Peptide purification on StageTips
with three lavers of C18 Empore filter discs (3M) and subsequent mass spectrometry analvsis was
performed as described previously™™=. Briefly, purified peptides were loaded onto a 20 cm reverse-
phase analytical colwmmn (75 pm diameter; EeproSid-Pur C18-AQ 19 pm resin; Dr. Maisch) and
separated using an EASY-nl.C 1200 system (Thermo Fisher Scientific) with a 90 min gradient (80
acetonitrile, 0.1% formic acid; 5% (80% acetonitrile) to 30% for 65 min. 30% to 95% for 10 min, wash
out at 95% for Smin readjustment to 5% in 10 min) at a flow rate of 300 nl per min  Fluting peptides
were directly analyzed on a Q-Exactive HF mass spectrometer {Thermo Fisher Scientific) with data-
dependent acquisition including repeating cycles of one MS1 full scan (150-2,000 m/z, B=60,000 at
200 m/z) followed by 15 MS2 scans of the highest abundant isolated and higher-energy collisional
dizsociation fragmented peptide precursors.

Proteome analyses of SARS-COV-2, SARS-COV and HCoV protein expressing cells

For the determinafion of proteome changes in A549 cells expressing SARS-COV-2, SARS-COV or
HCoV proteins. a fraction of 1x10° lentivirus-transduced cells from the affinity purification samples
were lysed in guanidinium chloride buffer (6 M GdmCl, 10 mM TCEP, 40 mM CAA 100 mM Tris-
HCI1 pH 8), boiled at 95°C for 8 min and sonicated (10 min 4°C. 30 sec on. 30 sec off. high settings).
Protein concentrafions of cleared lysates were normalized to 50 pg and proteins were pre-digested with
1 pg LysC at 37°C for 1h followed by a 1:10 dilution (100 mM Tris-HC1 pH 8) and overnight digestion
with 1 pg trypsin at 30°C. Peptide purification on StageTips with three lavers of C18 Empore filter discs
(3M) and subsequent mass spectrometry analysis was performed as described previously®>=. Briefly,
300 ng of purified peptides were loaded onto a 50 cm reversed phase colunm (75 pm inner diameter,
packed in house with ReproSil-Pur C18-AQ 1.9 pm resin [Dr. Maisch GmibH]). The columm temperature
was maintained at 60°C using a homemade colunm oven. A binary buffer system. consisting of buffer
A (0.1% formic acid (FA)) and tuffer B (80% ACN, 0.1% FA), was used for peptide separation. at a
flow rate of 300 nl/min. An FASY-nT1.C 1200 system (Thermo Fisher Scientific), directly coupled online
with the mass spectrometer () Exactive HF-X, Thermo Fisher Scientific) via a nano-electrospray
source, was employed for nano-flow liquid chromatography. Peptides were eluted by a linear 80 min
gradient from 5% to 30% buffer B (0.1% v/'v fornuc acid, 80% v/v acetomtrile). followed by a 4 min
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increase to 60% B, a further 4 min increase to 95% B, a 4 min platean phase at 95% B, a 4 min decrease
fo 3% B and a 4 min wash phase of 5% B. To accuire MS data, the data-independent acquisition (DA}
scan mode operated by the X Calibur soffware (Thermo Fisher) was used. DILA was performed with one
full MS event followed by 33 MS/MS windows in one cycle resulting in a cvcle time of 2.7 seconds.
The full MS settings included an ion target value of 3 x 10° charges in the 300 — 1650 m/z range with a
mawinmm injection time of 60 ms and a resolution of 120,000 at m/z 200. DIA precursor windows
ranged from 3005 m'z (lower boundary of first window) to 16495 m'z (upper boundary of 33rd
window). MS/MS settings included an ion target value of 3 x 10° charges for the precursor window with
an Xcalibur-automated maxinmm injection time and a resolution of 30,000 at m/z 200.

To generate the proteome library for DIA measurements purified peptides from the first replicates and
the fourth replicates of all samples were pooled separately and 25 ng of pepfides from each pool were
fractionated into 24 fractions by high pH reversed-phase chromatography as described earlier’’. During
each separafion. fractions were concatenated automatically by shifting the collection tube every 120
seconds. In total 48 fractions were dried in a vacuum centrifige, resuspended in buffer A® (0.3% TFA/
2% ACN) and subsequently analvzed by a topl2 data-dependent acquisition (DDA) scan mode using
the same LC gradient and settings. The mass spectrometer was operated by the XCalibur software
(Thermo Fisher). DDA scan settings on filll MS level included an ion target value of 3 x 10° charges in
the 300 — 1650 m/z range with a maximmm injection time of 20 ms and a resolution of 60,000 at m'z
200. At the MS/MS level the target value was 10° charges with a maxinmm injection time of 60 ms and
a resolution of 15.000 at m/z 200. For MS/MS events only, precursor ions with 2-5 charges that were
not on the 20 s dynamic exclusion list were isolated in a 1 4 m'z window. Fragmentation was performed
by higher-energy C-trap dissociation (HCD) with a normalized collision energy of 27eV.

Infected proteome-phosphoproteome time-course

Frozen cell Iysates of infected AS49-ACE?2 harvested at 3, 6. 12, 18, 24 and 30h post infection were
thawed on ice and boiled for 5 min at 95 degrees. Lysates were transferred to a 96-well plate (Covaris)
and sonicated for 5 min Protein concentrations were estimated by tryptophan assay™ and protein
matenal was equalized fo 200 pug per sample. CAA (10 mM) and TCEP (40 mM) along with trypsin
(1:100 wiw, Sigma-Aldrich) and LysC (1/100 w/w, Wako) were added to the samples that were digested
at 37°C ovemight. Peptides were desalted using SDB-EPS cartridges (PreOmics).

Briefly, samples were mixed with 300 pl 1% TFA in isopropanol. loaded onto cartridges and washed
with 200 pl 1% TFA in isopropanol and 200 ul 0.2% TFA. Peptides were eluted with 150 pl of 1.25%
Anmmonmm hydroxide (NH:OH)/ 80% ACN and 10 pl aliquots were taken and dried separately for
global proteome analysis. The rest was dried using a SpeedWVac cenfrifuge (Eppendorf, Concentrator
plus) and resuspended in 105 pl of equilibration buffer (1% TFA/ 80% ACN) for phosphopeptide
enrichment. The AssayMAP Brave robot (Agilent) performed the enrichment for phosphopeptides by
priming AssayMAP cartridges (packed with 5 pl Fe(TIT)-NTA) with 1 % TFA in 99 % ACN followed
by equilibration in ecuilibration buffer and loading of peptides. Enriched phosphopeptides were eluted
with 1 % Ammoenium hyvdroxide, dred in a vacium centrifuge and resuspended in 1 % FA buffer.
Evotips were activated by wetting in 40 ml 1-propanol in Evotipbox and subsequently washed with 100
il of 0.1% FA. Peptides were loaded onto tips which were subsequently washed with 100 pl of 0.1 %
FA_ The tips were then loaded with 100 pl 0.1 % FA and centrifuged very shortly.

To generate the proteome library for DIA measurements cells were lysed in 4 % SDC and 100 mM Tris
pH 8.4, followed by sonication protein quantification reduction. and alkvlation and desalting using
SDB-EPS cartridges (see above). 100 ug of peptides were fractionated info 24 fractions by hugh pH
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reversed-phase chromatography as described earlier”’. Fractions were concatenated automatically by
shifting the collection tube every 120 seconds and subsequently dried in a vacimm centrifuge and
resuspended in buffer A* (0.3% TFA/ 2% ACN).

To generate the library for phosphoproteome DIA measurements A 549 cells were treated with 100 ng/ml
Calyculin and 2 mM Sodium orthovanadate for 20 mun. Cells were lysed and treated as for the proteome
library generation After overnight digestion peptides were desalted nsing Sepax Fxtraction columms.
5.5 mg of desalted peptides were fractionated into 84 fractions on a C18 reversed-phase columm (4.6 x
130 mm 3.5 pm bead size) under basic conditions using a Shimadzu UFLC operating at 1 ml/minute.
Buffer A (2.5 mM Ammoniumbicarbonat in MQ) and Buffer B (2.5 mM ABC in 80% CAN) were used
fo separate pepiides on a linear gradient of 2.5% B to 44% B for 64 nuoutes and 44% B to 73% B for 5
minutes before a rapid increase to 100% B which was kept for 5 minutes. Fractions were subsequently
concatenated into 24 fractions and Ivophilized Phosphopeptides of these 24 fractions were ennched
using the AssayMAP Bravo robot and loaded on Evotips. Another 5.5 mg of desalted peptides were split
into 24 samples and enriched for phosphopeptides by the AssayMAP Bravo robot. Eluted
phoshopeptides were comibined, dried and fractionated info 24 fractions by neutral pH reversed-phase
chromatography” . Fractions were dried and loaded on Evotips as described above.

Infected proteome-phosphoproteome-diGlyv-proteome (6 and 24hr)

Frozen cell lysates of infected A549-ACE? harvested at 6 and 24h post infection were thawed on ice
and sonicated for 1 min (Branson Sonifierer). Protein concentrations were estimated by tryptophan
assay™". To reduce and alkylate proteins, samples were incubated for 5 min at 45°C with CAA and TCEP.
final concentrations of 10 mM and 40 mM. respectively. Samples were digested overmight at 37°C using
trypsin (1:100 wiw, Sigma-Aldnch) and LysC (1/100 w/w, Wako).

For proteome analysis. 10 pg of peptide material were desalted using SDB-EPS StageTips (Empore)
(2). Briefly, samples were diluted with 1% TFA in isopropanol to a final volume of 200 ul and loaded
onto StageTips, subsequently washed with 200 pl of 1% TFA in isopropanol and 200 pl 0.2% TFA/ 2%
ACN. Peptides were eluted with 60 ul of 1.25% Ammonium hydroxide (NH+OH) 80% ACN and dried
using a SpeedVac centrifige (Eppendorf. Concentrator plus). They were resuspended in buffer A* prior
to LC-MS/MS analysis. Peptide concentrations were measured optically at 280nm (Nanodrop 2000,
Thermo Scientific) and subsequently equalized using buffer A* 500ng peptide was subjected to LC-
MS/MS analysis.

To generate phosphoproteome data, the EasyPhos protocol was wsed for the enrichment of
phosphopeptides™. Briefly, samples were adjusted with the lysis buffer to a volume of 300 pl
transferred into a 96-deep-well plate and muixed with 100 pl 48% TFA. § mM KH:PQu. Phosphopeptides
were captured by 5 min incubation at 40°C with 5 mg TiO: beads. Thereafter, beads were washed 5
fimes with 3% TFA/S 60% isopropanol, followed by a transfer in 0.1% TFA/ 60% isopropanol into C8
StageTips. Phosphopeptides were eluted twice with 30 pl 20% NH4OH 40% ACN and concentrated for
30 min at 45°C using a SpeedWVac centrifuge. Concentrated samples were immediately diluted with 100
1l 1% TFA in isopropanol and transferred into SDB-EPS StageTips. Peptides were washed, eluted and
dried as described above. Dried peptides were resuspended in 6 pl buffer A* and 5 pl was subjected to
LC-MS/MS analysis.

For diGly peptide enrichment, samples were four-fold diluted with 1% TFA in isopropanol and loaded
onto SDB-EPS cartndges (Strata™-3-C_ 30 mg/ 3 ml, Phenomenex Inc), pre-equilibrated with 4 ml
30% MeOH'1% TFA and washed with 4 ml 0.2% TFA. Samples were washed twice wath 4 ml 1% TFA
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in 1sopropanol, once with 0.2% TFAS 2% ACN and eluted twice with 2 ml 1.25% NHsOH/ 80% ACN.
Elted peptides were diluted with ddH:0 to a final ACN concentration of 35%, snap frozen and
Iyophilized. Lyophilized peptides were reconstituted in IAP buffer (50 mM MOPS, pH 7.2, 10 mM
Na;HPOs, 50 mM NaCl) and the peptide concenfration was estimated by tryptophan assay. K-e-GG
renmant containing peptides were enriched using the PTMScan® Ubicuitin Remmant Motif (K-e-GG)
Kit (Cell Signaling Technology). Crosslinking of antibodies to beads and subsequent
immmnopurification was performed with slight modifications as previously described™. Briefly, two
vials of crosslinked beads were combined and equally split into 16 fubes (~31 g of antibody per tube).
Equal peptide amounts (300 pg) were added to crosslinked beads and the volume was adjusted with TAP
buffer to 1 ml After 1h of incubation at 4°C and gentle agitation. beads were washed twice with cold
IAP and 5 times with cold ddH:O. Thereafier. peptides were eluted twice with 50 pl 0.15% TFA. Eluted
peptides were desalted and dried as described for proteome analvsis with the difference that 0.2% TFA
imstead of 1%TFA in 1sopropanol was used for the first wash. Fluted peptides were resuspended in @ ul
buffer A* and 4 pl was subjected fo LC-MS/MS analysis.

DDA Measurements

Samples were loaded onto a 50 cm reversed phase colunm (75 pm inner diameter, packed in house with
ReproSil-Pur C18-A0Q) 1.9 pm resin [Dr. Maisch GmbH]). The colunm temperature was maintained at
60°C using a homemade column oven. A binary buffer system, consisting of buffer A (0.1% formic acid
(FA)) and buffer B (80% ACN plus 0.1% FA), was used for peptide separation, at a flow rate of 300
nl/min An EASY-nT.C 1200 system (Thermo Fisher Scientific), directly coupled online with the mass
spectrometer (Q Exactive HF-X, Thermo Fisher Scienfific) via a nano-electrospray source, was
emploved for nano-flow liquid chromatography.

For proteome measurements, we used a gradient starting at 3% buffer B and stepwise increasing to 30%
m 95 mun 60% in 5 min and 95% in 5 mun The mass spectrometer was operated in Topl2 data-
dependent mode (DDA) with a fiull scan range of 300-1650 m'z at 60,000 resolution with an automatic
gain control (AGC) target of 386 and a maxinmm fill fime of 20ms. Precursor 1ons were isolated with a
width of 1.4 m'z and fragmented by higher-energy collisional dissociation (HCD) (NCE 27%). Fragment
scans were performed at a resolution of 15,000, an AGC of le5 and a maxinmum injection time of 60
ms. Dvnamic exclusion was enabled and set to 30 s.

For phosphopeptide samples 5pl were loaded and eluted with a gradient starting at 3% buffer B and
stepwise increased fo 19% in 60 min, 41% m 30 min, 36% in 39 min and 95% in 5 min The mass
spectrometer was operated in Topl0 DDA with a full scan range of 300-1600 m'z at 60.000 resolution
with an AGC target of 3ed and a maxinmm fill time of 120 ms. Precursor ions were isolated with a width
of 1.4 m/z and fragmented by HCD (NCE 28%). Fragment scans were performed at a resolufion of
15,000, an AGC of 1e5 and a maxinmm injection time of 30 ms. Dvnamic exclusion was enabled and
set to 30 s.

For the analysis of K-2-GG peptide samples. we use a gradient starting at 3% buffer B and stepwise
mcreased to 7% in 6 min. 20% in 49 min  36% in 39 min_ 45% in 10 nun and 95% in 4 min The mass
spectrometer was operated in Topl2 DDA with a full scan range of 300-1350 m/'z at 60.000 resolution
with an AGC target of 3ed and a maxinmm fill time of 20ms. Precursor 1ons were 1solated with a width
of 1.4 m/z and fragmented by HCD (INCE 28%). Fragment scans were performed at a resolufion of
30,000, an AGC of 1e5 and a maxinmm injection time of 110 ms. Divnamic exclusion was enabled and
seffo 15 s.
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DIA Measurements

Samples were loaded onto a 15 cm reversed phase column (150 pm inner diameter, packed in house
with ReproSil-Pur C18-AQ 1.9 pm resin [Dr. Maisch GmibH]). which was kept in a homemade column
oven at 60°C. Peptides were separated by the Evosep One LC system using the pre-programmed 44
minutes gradient for proteome samples and the 21 mimites gradient for phosphoproteome samples. The
same gradients were used for the acquisition of proteome and phosphoproteome library fractions. The
Evosep One system was coupled fo a Q Exactive HF-X Orbitrap (Thenmo Fisher Scientific) via a nano-
electrospray sonrce.

The proteome and phosphoproteome fractions we used to build the libraries were measured in DDA
mode. To acquire proteome fractions the mass spectrometer was operated in Topls data-dependent
mode with a full scan range of 300-1650 m/z at 60,000 resolution, an automatic gain control (AGC)
farget of 3e0 and a maximum fill time of 20ms. For the generation of the phosphoproteome library the
mass spectrometer was operated in Topl2 data-dependent mode (DDA) with a full scan range of 300-
1650 m/z at 60,000 resolution, an automatic gain control (AGC) target of 3e6 and a maxinmm fill time
of 23ms. For both libraries precursor 1ons were 1solated with a width of 14 m'z and fragmented by
higher-energy collisional dissociation (HCD) (NCE 27%). Fragment scans were performed at a
resolution of 15,000, an AGC of 1e5 and a maxinmm fill time of 28 ms. Dynamic exclusion was enabled
and set to 30 s for the proteome library and 20 s for the phosphoproteome library.

For proteome and phosphoproteome DIA measurements, full MS resolution was set to 60,000 with a
full scan range of 300-1650 m/z, a maximmm fill time of 60 ms and an aufomatic gain control (AGC)
target of 3e°. One full scan was followed by 32 windows with a resolution of 30,000 and a maxinmm
fill time of 54 ms for proteome measurements and 40 windows for phosphoproteome measurements
with a resolution of 15000 and maxinmm fill time of 28 ms in profile mode. Precursor 1ons were
fragmented by higher-energy collisional dissociation (HCDY) (NCE 27%).

Data-processing of affinity purification, (phospho)jproteome and ubiquitinome LC-MS/AIS
analyses

Raw MS data files of experiments conducted in DDA mode were processed with MaxCuant (version
1.6.14) using the standard setiings and label-free quantification enabled (LFQ min ratio count 1.
normalization type none, stabilize large IF(Q) ratios disabled). For profiling of post-translational
modifications, additional variable modifications for ubiquitination (GlvGIv(E)) and phosphorylation
(Phospho(STY)) were added. Spectra were searched against forward and reverse sequences of the
reviewed human proteome including isoforms (UniprotEB. release 10.2019) and SARS-COV-2, SARS-
COV and HCoV proteins by the built-in Andromeda search engine”’.

For AP-MS data, the alternative protein group definition was used: only the peptides identified in AP-
MS samples could be regarded as protein group-specific, protein groups that differed by the single
specific peptide or had less than 25% different specific peptides were merged to extend the set of
peptides used for protein group quantitation and reduce the number of protein isoform-specific
interactions.

For the experiments conducted in DIA mode, Specironaut version 13 (Biognosvs) was used to generate

the proteome and phosphoproteome libraries from DDA nmns by combining files of respective

fractionations using the human fasta file (Uniprot, 2019, 42 431 entries). For the generation of the

proteome lLibrary default settings were left unchanged. For the phosphoproteome librarv generation 2 x

24 files received by both fractionation strategies were combined and phosphorylation at
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239



Multi-level proteomics reveals host-perturbation strategies of SARS-CoV-2 and SARS-
CoV

Serine/ Threomine Tyrosine was added as variable modification to default settings. Maxinnum number of
fragment 10ns per peptide was increased from & to 25 Proteome DIA files were analyzed using the
proteome library with defanlt settings and disabled cross min normalization Phospho DIA files were
analyzed using the phosphoproteome library using defanlt settings with disabled PTM localization filter
and cross mun normalization To search for viral proteins. we also generated the “hvbrnid™ spectral library
by merging DDA proteome library with a direct-DIA library generated from the DIA analysis of DIA
proteome samples. For this search_ the sequences of viral proteins were added to the human fasta file.

Bioinformatic analvsis

Unless otherwise specified, the biomformatic analysis was done m R (version 3.6). Julia (version 1.4)
and Pyvthon (version 3.8) using a collection of in-house scripts (available upon request).

Statistical analvsis of MS data

For all MS datasets, except DDA phosphoproteome and ubiquitinome data, the Bayesian linear random
effects models were used to define how the abundances of proteins change between the conditions. To
specify and fit the models we employed msglm R package (hitps.//gitlab Irz deumevi4d/mselm), which
depends on rstan package (version 2.19)7 for inferring the posterior distribution of the model
parameters. In all the models, the effects corresponding to the experimental conditions have regulanzed
horseshoe+ priors®, while the batch effects have normally distributed priors. Laplacian distribution was
used to model the instromental error of MS intensities. For each MS instrument used, the heteroscedastic
inftensifies noise model was calibrated with the technical replicate MS data of the instmument. These data
were also used to calibrate the logit-based model of missing MS data (the probability that the MS
mnstrument will fail to identify the protein given its expected abundance in the sample). The model was
fit using unnormalized MS intensities data. Instead of transforming the data by normalization the
inferred protein abundances were scaled by the normalization mmltiplier of each individual MS sample
to match the expected MS intensity of that sample. This allows taking the signal-fo-noise variation
between the samples into account when fitting the model. Due to high computational intensity, the model
was applied to each protein group separatelv. For all the models. 4000 iterations (2000 warnmp + 2000
sampling) of the No-U-Turn Markov Chain Monte Carlo were performed in 7 or 8§ independent chains,
every 4th sample was collected for posterior distribution of the model parameters. For estimating the
stafistical significance of protein abundance changes between the fwo experimental conditions, the P-
value was defined as the probability that a random sample from the posterior distribufion of the first
condition would be smaller (larger) than a random sample drawn from the second condition. No nmltiple
hypothesis testing corrections were applied, since this is handled by the choice of the model priors.

Statistical analysis of AP-MS data and filtering for specific interactions

Given the sparsity of the AP-MS data (each peptide is quantified in a small fraction of experiments). to
take advantage of the missing data modeling by msglm the statistical model was applied directly to the
MS1 infensities of protein group-specific LC peaks (evidence.ivt table of MaxQuant output). In B GLM
fornmla language, the model could be specified as

log{Intensity)~ 1 + APMS + Bait + Bait:Virus + MS1peak + MSbatch.

where APMS effect models the average shift of infensities in AP-MS data in companson to full proteome
samples. Bait is the average enrichment of a protein in AP-MS experiments of homologous proteins of
both SARS-CoV and SARS-CoV-2, and Bait- Firus corresponds to the vims-specific changes in protein
enrichment. M5Ipaeak 1s the log-ratio between the infensitv of a given peak and the total protein
abundance (the peak is defined by its peptide sequence. PTMs and the charge; it is assumed that the
peak ratios do not depend on experimental conditions™), and MSbatch accounts for batch-specific

1>
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variations of protein intensity. APASS, Bait and Bait: Virus effects were used to reconstruct the batch
effect-free abundance of the protemn in AP-MS samples.

The modeling provided the enrichment estimates for each protein in each AP experiment. Specific AP-
MS interactions had to pass the two tests. In the first test, the enrichment of the candidate protein in a
given bait AP was compared against the backgrovnd. which was dynamicallv defined for each
interaction to contain the data from all other baits, where the abundance of the candidate was within
30%-90% percentile range (excluding top 10%% baits from the background allowed the protein fo be
shared by a few baits in the resulting AP-MS nefwork). The non-targeting control and Gaussia luciferase
baits were always preserved in the background. Similarly, to filter out anv potential side-effects of very
high bait protein expression the ORF3 homologs were always present in the background of M
interactors and vice versa. To mule out the influence of the batch effects, the second test was applied. It
was defined similarly to the first one, but the background was constrained fo the baits of the same batch,
and 40%-80% percentile range was used. In both tests, the protein has to be 4 times enriched against the
background (16 times for highly expressed baits: ORF3, M, NSP13, NSP5, NSP6, ORF3a, ORF7b,
ORFS8b, HCoV ORF4a) with the P-value < 1E-3.

Additionally, we excluded the proteins that, in the wiral protein expression data, have shown
upregulation. and their enrichment in AP-MS data was less than 16 times stronger than observed
upregulation effects. Finally, to exclude the carryover of material between the samples sequentially
analyzed by MS, we removed the putative interactors, which were also enriched at lugher levels in the
samples of the preceding bait, or the one before it.

For the analysis of interaction specificity between the homologous viral proteins, we estimated the
significance of interaction enrichment difference (corrected by the average difference between the
enrichment of the shared interactors to adjust for the bait expression vanation). Specific interactions
have to be 4 times enriched in comparison to the homolog with P-value < 1E-3.

Statistical analysis of DIA proteome effects upon viral protein overexpression

The statistical mode] of the viral protein overexpression data set was similar to AP-MS data. except that
protein-level intensities provided by Spectronant were used. The PCA analysis of the protein intensities
has identified that the 2nd principal component is associated with the batch-dependent varations
between the samples. To exclude their influence, this principal component was added to the
experimental design matrix as an additional batch effect.

Az with AP-MS data, the two statistical tests were used to identify the significantly regulated proteins.
First, the absolute value of log~fold change of protein abundance upon overexpression of a given viral
protein in comparison to the control samples had to be above 0235 with P-value = 1E-3. Second, the
protein had to be significantly regulated (same log:fold change and P-value applied) against the
background distribution of its abundance in the selected experiments of the same batch {experiments,
where the tested protein abundance was within the 20%-80% percentile range of the whole batch, were
dynamically selected for each protein).

Statistical analvsis of DDA proteome data of virus infection

For DDA proteome data the following linear model was used:
log(Intensity(t)) ~ Z (after(t;) + treatment: after(t;)).

tist
where qfter(24h) effect comresponds fo the protein abundance changes in mock-infected samples that
happened between 6h and 24h. and freafment after(t;) (f=0.24) is the effect of interaction between the
SARS-CoV-2 infection and the timepoint, and corresponds fo the changes in the virus-infected cells (n

16

241



Multi-level proteomics reveals host-perturbation strategies of SARS-CoV-2 and SARS-
CoV

comparison to the mock-infected samples) within the first 6h hours after infection, and between 6h and
24h after infection, respectively. The absolute value of log:-fold change between the conditions below
0.25 and the cormresponding P-value < 1E-3 criteria were used to define the significant changes.

Statistical analysis of DIA proteome and phosphoproteome data of virus infection

For DIA phosphoproteome data, to convert peptide-level output of Spectronaut into PTM site-level

rf:pm't_ the Peptide Collapse Perzeus plugin was used
s://github com/AlexHeO Perseus Plugin Peptide Collapse)*™. Phosphosites with less than 0.75

lncahzananpmbablhi} were excluded.

For DIA proteome and phosphoproteome datasets, the following linear model was used:

log(Intensity(t)) ~ Z[afte*r{:t:-) + treatment: after(t;)).
tist

where gffert;) effect corresponds to the protein abundance changes in mock-infected samples that
happened between iy and # (=6.12,18.24 30), and freatment:afterit;) (t=3.6,12.18,24,30) is the effect
of interaction between the SARS-CoV-2 infection and the timepoint. The absolute value of log:-fold
change between the condifions below 0.25 and the corresponding P-value = 1E-3 criteria were used to
define the significant changes for proteome data, and |log:-fold change| = 0.5, P-value < 1E-2 for
phosphoproteome data.

Statistical analysis of DDA total proteome, phosphoproteome and ubiquirinome data 6 and 24
hours post SARS-CoV-2 infection of AS49-ACE2 cells

The output of MaxQuant was analyzed with Perseus (version 1.6.14.0)*° and visualized with R (version
3.6.00) and EStudio (version 1.2.1333). For total proteome analysis, detected protein groups within the
proteinGroups output table identified as known contaminants, reverse sequence matches, only identified
by site or quantified in less than 3 out of 4 replicates in at least one condition were excluded. Following
log? transformation, missing values were imputed for each replicate mdividually by sampling values
from a normal distribution calculated from the oniginal data distribution (width = 0.3#s.d., downshift =
-1.8x=s5.d.). Differentially regulated protein groups between mock and SARS-CoV-2 infection at 6 and
24 hpi were identified via two-sided Student’s T-tests corrected for nmltiple hypothesis testing
applving a permmitation-based FDE. (S0 = 0.1; FDE. < (.03, 250 randomizations). Protein groups were
further removed for statistical testing if not at least one T-test condition contained a mininmm of three
non-imputed values. For phosphoproteome analysis. phosphosites within the Phospho (STY)Sites
output table identified as known contaminants. reverse sequence matches or less than 0.75 localization
probability were excluded. Following log? transformation phosphosite intensities were normalized
based on sites that were quanfified in at least 90% of all samples fo account for technical vanations. In
detail, the median of phosphosite-specific intensities across samples was subtracted from individual
imnfensities to normalize for different phosphosite abundances (row-wise nommalization). Next, the
median of normalized phosphosite infensities per sample was used as final normalization factor and
subtracted from individual non-normalized phosphosite infensities (column-wise normalization).
Phosphosites were further filtered for quantification in at least 3 replicates and missing values were
imputed for each replicate individually by sampling values from a normal distribution caleulated from
the original data distribution (width = 0.3 * s.d., downshift = -1.8 » s.d). Differentially regulated
phosphosites between mock and SARS-CoV-2 infection at 6 and 24 h.p.i. were identified via two-sided
Student’s T-tests corrected for multiple hypothesis testing applying a pernmitation-based FDE (S0 =0.5;
FDE. = 0.05, 250 randomizations). Phosphosites were further removed from statistical testing if not at
least one T-test condifion contained a mininmm of 3 non-imputed values. For ubiguitinome analysis,
ubicuitination sites within the GlyGly () Sites output table were processed as mention for phosphosites,
17
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but normalization for technical variation was based on ubiquitination sites quanfified in more than 0%
of all samples. Differentially regulated ubiquitination sites between mock and SARS-CoV-2 infection
at 6 and 24 h.p.i. were identified via two-sided Student’s T-tests comrected for nltiple hypothesis testing
applving a permutation-based FDR (50 = 0.1; FDR < 0.05, 250 randomizations) and removed from
stafistical testing if not at least one T-test condition contained a mininmm of 3 non-imputed values.
Annotation of detected protein groups. phosphosites and ubiguitination sites with GOBP, -MF_ -CC.
EEGG, Pfam GSEA. Keywords and Corum as well as PhosphoSitePlus kinase-substrate relations and
regulatory sites (version May 1st 2020)*” was performed in Perseus.

Transcriptomic analvsis of SARS-COV-2 infected AS49-ACE? cells

AS49-ACE? cells used for transcriptional profiling of SARS-CoV-2 infection were cultured and
infected as descrnibed above. RINA isolation was performed using RNeasy Mind kit (Qiagen) according
to the mamifacturer's protocol with addition of a heat inactivation step after cell lvsis. Library
preparation for bulk 3 -sequencing of poly(A)-RNA was done as described previously™. Briefly.
barcoded cDMNA of each sample was generated with a Maxima BT polymerase (Thermo Fisher) using
oligo-dT primer containing barcodes, unique molecular identifiers (UMIs) and an adapter. 3° ends of
the cDINAs were extended by a template switch oligo (TSO) and after pooling of all samples full-length
cDMNA was amplified with primers binding to the TSO-site and the adapter. cDINA was fragmented and
TruSeq-Adapters ligated with the NEBNext® Ultra™ I FS DNA Library Prep Kit for Illumina® (NEB)
and 3 -end-fragments were finally amplified using primers with Mhumina P5 and P7 overhangs. In
comparison to Parekh ef al. ** the P5 and P7 sites were exchanged to allow sequencing of the cDNA in
readl and barcodes and UMIs in read? to achieve better cluster recognition. The library was sequenced
on a NextSeq 500 (Mlumina) with 75 cycles for the cDNA in readl and 16 cycles for the barcodes and
UMIs in read?2.

As for the analysis of the transcriptome data. Gencode gene annotations v28 and the human reference
genome GRCh38 were derived from the Gencode homepage (EMBL-EBI). Dropseq tool v1.12* was
used for mapping raw sequencing data to the reference genome. The resulting UMI filtered count matrix
was imported into B v3.4.4. CPM (counts per million) values were calculated for the raw data and genes
having a mean cpm value less than 1 were removed from the dataset. Prior differential expression
analysis with DESeq? v1.18.1%, dispersion of the data was estimated with a parametric fit using a
pmultiplicative model where infection status (MOCE. virus infected) and time were incorporated as
covariates in the model matrix. The Wald test was used for determining differentially regulated genes
across timepoints in individual infection states and shnnk log? fold changes were calculated afterwards.
Transcripts with low mean normalized count that were flagged by the independent filtering procedure
of DESeq? were removed and those with absolute apeglm shrink log? fold change = 0.5 and the p-value
< 0.05 were considered differentially expressed in distinct condifions.

Faw sequencing data are available under the accession number PRIEB38744.
qRT-PCR analysis

ENA isolation from SARS-CoV-2 infected AS40-ACE2 cells was performed as described above
(Qiagen). 500 ng total RNA was used for reverse transcription with PrimeScript RT with gDNA eraser
(Talara). For relative transeript quantification PowerUp SYBR Green (Applied Biosystems) was used.
Primer sequences can be provided upon request.
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Gene Set Enrichment Analysis

We have used Gene Ontology, Reactome and other EnrichmentMap gene sets of human proteins as
well as protein complexes annotations from IntAct Complex Portal (version 2019.11)* and CORUM
(version 2019)*.
To find the nonredundant collection of annotations describing the unique and shared features of nmiltiple
experiments i a dafaset. we have wused Julia package OpiEnnchedSetCoverl
s //mithub com/alvst/ OptEnnichedSetCover jI). which employs evolutionary nmilti-objective
optimization technicue fo find a collection of annotation terms that have both significant enrichments in
the individual experiments and minimal pairwise overlaps.

For transcription factor enrichment analysis the significantly regulated transcripts were submitted to
ChEA3 web-based application®. Transcription factor — target gene set libraries from ENCODE were
used®. Transcriptome, proteome, ubiquitinome and phosphoproteome changes along with unchanged
franscripts/proteins/sites  were submitted to the core ingenuity pathway analysis (IPA)
(wWww. ingenuity.com).

The following cut-offs were used for differentially expressed transcripts: the absolute values of apeglm-
shnmk log: fold change = 0.5, the p-value = 0.05. Transcripts with low mean normalized count that were
flagged by the independent filtering procedure of DESeq? were removed prior pathway analysis. The
following cut-offs were used for differentially expressed proteins or regulated sites: p-value <1005 and
absolute logy fold change = 0.5. Ingemuty knowledge base was used as a reference dataset, only
experimentally observed findings were used for confidence filtering, additionally human species and
AS4C-ATCC cell line filters were set. Input datasets were used to identify the most significant canonical
pathways and upstream regulators (in case of transcriptome). Fight-tailed Fisher's exact test with
Benjamini-Hochberg s correction was used to caleulate p-values, which are presented in Supplementary
Table 3.

Prediction of Functional Links between AP-MS and viral protein overexpression data

To systematically detect functional inferactions, which may comnect the cellular targets of each viral
protein with the downstream changes it induces on proteome level, we have used the network diffusion-
based HierarchicalHotNet method” as implemented in Julia package HierarchicalHotNet jl

s//mthub com/alvst/HierarchicalHotNet j1). Specifically, for network diffusion with restart, we
used the ReactomeFI network (version 2019)! of celtular functional interactions, reversing the direction
of functional interaction (e.g. replacing kinase—substrate interaction with substrate—kinase) The
profeins with significant abundance changes upon bait overexpression (jmedian(log:-fold change) =
0.25, P-value = 1E-3 both in the comparison against the controls and against the baits of the same batch)
were  used as the  sources  of  signal  diffusion with  weights  set to

\/ Imedian(log, foldchange)| - [log,, P-value|, and the restart probability was set to 0.4. To find the
optimal cutting threshold of the resulting hierarchical tree of strongly connected components (SCCs) of
the weighted graph corresponding fo the stationary distribufion of signal diffiision and to confirm the
relevance of predicted functional connections, the same procedure was applied to 1000 random
permutations of vertex weights as described in Revna ef al.’® (vertex weights are randomly shuffled
between the vertices with similar in- and out-degrees). Since cutting the tree of SCCs at any threshold ¢
(keeping only the edges with weights above ) and collapsing each resulting SCC info a single node
produces the directed acyelic graph of connections between SCCs, it allowed efficient enumeration of
the paths from the “source”™ nodes (proteins perturbed by viral protein expression with vertex weight w,
w = 1.5) to the “sink™ nodes (interactors of the viral protein). We have used tlus property of the tree fo
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calculate the average source-to-sink path length at each cufting threshold of the network diffusion
weighted graph. At each threshold ¢, the average path from source to sink nodes was calculated as:

Lﬂug'[ﬂ = (Ndfs ' {Nﬁ'cc + :U + Z L.';E‘C{p))y"{ﬁsrc . Na'['nk]-
P

where Ner- 15 the number of “sources™, Mg 15 the mumber of “sinks™, Ng: 15 the mumber of disconnected
pairs of sources and sinks. Nsce 1s the number of SCC at given threshold, Lsce(p) is the number of SCCs
that the given path p from source fo sink goes through. and the sum 1s for all paths from sources to sinks.
For the generation of the diffusion nefwork we have selected the foy threshold that maximized the
difference between the median of Lai7) for randomly stmffled data and Lawet) for the real data.

Co-immunoprecipitation and western blot analysis

HEER293T cells were transfected with pWPI plasnud encoding single HA-tagged viral proteins, alone
of together with pTO-SII-HA expressing host factor of interest. 48 hours after transfection. cells were
washed in PBS. flash frozen in liquid nitrogen and kept at -80°C unfil further processing. Co-
immmmoprecipitation experiments were performed as described previously™>®_ Briefly, cells were lysed
in lysis buffer (50 mM Tns-HCI pH 7.5, 100 mM NaCl, 1.5 mM MgCl,, 0.2% (v/v) NP-40, 5% (v/v)
glveerol. cOmplete protease inhibitor cocktail (Roche), 0.3% (wiv) 7530 U/l Sm DN Ase) and sonicated
(5 min 4°C. 30 sec on, 30 sec off. low settings; Biomiptor, Diagenode SA) HA or Streptactin beads
were added to cleared lysates and samples were incubated for 3h at 4°C under constant rotation. Beads
were washed six times in the lysis buffer and resuspended in 1x SDS sample buffer 62,5 mM Tns-HC1
pH 6.8, 2% SDS. 10% glycerol. 50 mM DTT. 0.01% bromophenol blue). After boiling for 5 mumites at
957C, a fraction of the input lysate and elution were loaded on NuPAGE™ Novex™ 4-12% Bis-Tris
(Invitrogen), and further submitted to western blotting wsing Amersham Protran nitrocellulose
membranes. Imaging was performed by HREP lnminescence (ECL, Perkin Flimer).

SARS-CoV-2 infected AS40-ACE? cell lysates were sonicated (10 min. 47°C. 30 sec on. 30 sec off. low
setiings; Biomptor, Diagenode SA) Protein concenfration was adjusted based on Piercef60 assay
supplemented with ionic detergent compatibility reagent. After boiling for 5 min at 95°C and brief max
g centrifigation. the samples were loaded on NuPAGE™ Novex™ 4-12% Bis-Tris (Invitrogen), and
blotted onto 0,22 pm Amersham™ Protran® nitrocellulose membranes (Merck). Primary and secondary
antibody stainings were performed according to the mamifacturer’s recommendations. Imaging was
performed by HEP luminescence using Femito kit (ThermoFischer Scientific) or Western Lightning
PsECL kit (Perkin Elmer).

Reporter Assay and IFN Bioassay

The following reporter constructs were used in this study: pISEE-luc was purchased from Stratagene.
EF1-g-ren from Engin Giirlevik, pCAGGS-Flag-RIG-I from Chris Basler, pIRF1-GAS-ff-luc, pWPI-
SMN1-flag and pWPI-NS5 (ZIKV)-HA was described previously™=*.

For the reporter assay, HEK293RT cells were plated in 24-well plates 24 hours prior to transfection
Firefly reporter and Renilla transfection control were transfected together with plasmids expressing viral
profeins using polvethylenimine (PEL Polysciences) for untreated and freated condifions. In 18 hours
cells were stiinmlated for 8 hours with a corresponding inducer and harvested in the passive lysis buffer
(Promega). Luminescence of Firefly and Renilla luciferases was measured using dual-luciferase-
reporter assay (Promega) according to the manufachuwer’'s instructions in a microplate reader (Tecan).
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Total amounts of IFN-o/p 1 cell supernatants were measured by using 203 T cells stablv expressing the
firefly luciferase gene under the control of the mouse Mx 1 promoter (Mx1-luc reporter cells)*’. Briefly.
HEE?93RT cells were seeded, transfected with pCAGGS-flag-RIG-T plus viral protein constructs and
stinmlated as described above. Cell supernatants were harvested in 8 hour. Mx1-luc reporter cells were
seeded mfo 95-well plates in triplicates and were treated 24 hours later with supernatants. At 16 hours
post incubation, cells were lysed in the passive lysis buffer (Promega), and luminescence was measured
with a microplate reader (Tecan). The assay sensitivity was determined by a standard curve.

Viral inhibitors assay

AS49-ACE? cells were seeded info 96-well plates in DMEM medmm (10% FCS, 100 ug/ml
Streptonrycin, 100 IU/ml Penicillin) one day before infection Six hours before infection or at the time
of infection. the medium was replaced with 100ul of DMEM medmm containing either the compounds
of interest or DMS0 as a control. Infection was performed by adding 10ul of SARS-CoV-2-GFP (MOI
3) per well and plates were placed in the IncuCyte S3 Live-Cell Analysis System where whole well real-
fime images of mock (Phase channel) and infected (GEFP and Phase channel) cells were captured every
4h for 48h. Cell viability (mock) and wims growth (mock and infected) were assessed as the cell
confluence per well (Phase area) and GFP area normalized on cell confluence per well (GEFP areaPhase
area) respectively using IncuCyte S3 Software (Essen Bioscience; version 20198 Rev2).
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4. Discussion and Outlook

In this thesis, | have demonstrated that improvements in the sensitivity, throughput and
performance of MS-driven signaling approaches can greatly accelerate systems biology as well
as clinical research, revealing rich and complex insights into cellular networks in health and
diseases. Looking forward, the sensitive and quantitative proteomics strategies developed in this
thesis can be to other biological scenarios and particular in diseases, where sensitive PTM-
specific proteomics profiling of primary tissues and individual patient samples may aid precision

medicine in the future.

Our optimized EasyPhos platform addresses important issues of in-depth quantitative
phosphoproteomics as it requires minimal sample amounts and measurement time without
compromising depth of analysis. It makes large-scale and high-throughput signaling studies
feasible for samples with low amounts such are typically available from primary cells. Our
unbiased system-wide study of erythropoiesis demonstrated the breadth and depth of coverage
that can now be achieved by MS-based proteomics and our EasyPhos technology. Here, the
analysis of phosphorylation-based signaling in purified and differentiated erythroid precursors at
distinct maturation stages generated data that can be mined for hypothesis generating problems
related to erythroid biology. It would be also interesting to investigate other post translational
protein modifications such as ubiquitination in the same system especially as we already

observed distinct regulation of members and targets of the ubiquitin machinery.

Quantitative completeness is an important aspect of large scale PTM proteomics and represents
a particular analytical challenge in data dependent analysis (DDA)-based workflows. Recently,
the Olsen group showed that converting from a DDA to a DIA workflow dramatically increases
the number of phosphorylation sites that can consistently and significantly be quantified in a
single run analysis [171]. However, DIA suffers from lower throughput compared to single run
TMT-based workflows. The latest advances in nanoflow liquid chromatography, such as the new
LC system called Evosep, allow rapid, robust and deep DIA-based proteome and
phosphoproteome profiling [172]. It significantly reduces the overhead time between sample pick
up and start of MS measurement by using pre-formed gradients that already contain the sample.
In our COVD19 study, we generated proteome and phosphoproteome time-course data on
infected using the Evosep system and DIA-based label-free quantification. Using these state-of-
the-art mass spectrometry and LC techniques, we characterized the impact of viral infection on
protein abundance, ubiquitination and phosphorylation in a time-resolved manner by quantifying

around 7,500 proteins, 5,000 ubiquitination and 12,000 phosphorylation events.

Given the central importance of ubiquitination, we also investigated the power of DIA for

improving data completeness and sensitivity in large scale ubiquitinome analysis. Our sensitive
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and robust DIA-based workflow was capable of identifying around 35,000 diGly peptides in single
run measurements with unprecedented quantitative accuracy. Importantly, the workflow requires
no offline fractionation, making it easy to implement and could be also applied to quantify other
PTMs relying on antibody-based enrichment such as lysine acetylation and tyrosine
phosphorylation. One disadvantage of our workflow is that its sensitivity is currently limited by
the antibody-based enrichment, which requires 0.5-1 mg of protein material. To enable the
analysis of systems such as human primary cell culture models where protein material is limited,
we need further increase in sensitivity. This could be provided by either scaling down the need
for high input amount, e.g. improving antibodies, or eliminating the steps that cause sample loss.
For instance, omitting a peptide-clean-up step like in our EasyPhos protocol would further
improve throughput and reproducibility of ubiquitinome analysis, making the entire workflow more
streamlined. Furthermore, DIA-based ubiquitinome analysis would also likely benefit from the

Evosep LC system, but this remains to be investigated in future studies.

One bottleneck for DIA analysis is that its performance with a project-specific spectral library is
superior in terms of the coverage and quantification to library-free DIA which is much easier to
implement [171, 173]. There are considerable efforts currently being invested into producing
prediction tools for MS/MS spectra and retention time to make library-free approaches feasible.
DIA analysis without need for specific libraries will surely simplify DIA workflows for PTMs and

make them more amenable for the proteomics community [174].

In our quest towards precision medicine, we also showed that PTM-specific proteomics can
provide valuable insights into cellular network function in pathophysiological contexts. In a
breakthrough for the field, using genetic mouse models, specific inhibitors and EasyPhos
workflow, Martin Steger from our group has identified and verified a subset of Rab GTPases as
bona fide substrates of Parkinson’s disease kinase LRRK2. Among those, Rab10 appears to be
a key physiological kinase substrate as we later showed that and all known pathogenic forms of
LRRK2 enhance this phosphorylation and conversely inhibition of LRRK2 by small molecule
inhibitors decrease it. In this thesis, | further aimed to establish the relevance of pRab10 as a PD
marker by a targeted phosphoproteomics approach. This led to an accurate and highly-sensitive
targeted MS-assay for determining the Rab10 phosphorylation stoichiometry and how it changes
in Parkinson’s disease. Using stable-isotope labeled spike-in peptides and a differential filling
strategy for an Orbitrap analyzer, our assay enabled the quantification down to 50 attomoles,
much beyond what is detectable by typical immunoassays and in a much more specific way. We
were able to capture very small (around 1-2%) but significant phosphorylation differences
between healthy controls, idiopathic PD patients and PD patients with defined genetic cause. We
showed that pRabl0 stoichiometry when measured precisely using targeted MS-based
phosphoproteomics method can serve as a robust target engagement and patient stratification

marker in clinical studies. In this study, we used neutrophils to demonstrate the potential of our
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assay as we found that these cells contain relatively high levels of both LRRK2 and Rab10. It
would be interesting to investigate whether pRab10 can be detected in other tissues such as
brain or bodily fluids such as cerebrospinal fluid (CSF). We focused on two different mutation
carriers with PD: LRRK2 G2019S and VPS35 D620N and analyzed a small cohort. We believe
that analysis of larger cohorts and inclusion of patient samples with higher LRRK2 activity, such
as the R1441G/C mutations, should further establish pRab10 as a PD marker.

Furthermore, our targeted mass spectrometric assay for accurate and sensitive measurement of
phosphorylation levels is completely generic and not restricted to PD. It could be applied to
measure phosphosite occupancies of prominent oncogenic factors to study how their levels
influence tumorigenesis. The only limitation of our assay is its limited throughput due to gel-based
enrichment of the target protein, especially when applied to very large cohorts. Our group recently
developed a ‘global targeting approach’, bridging the approaches of shotgun and targeted
proteomics (MaxQuant.Live platform). In this strategy, tens of thousands of precursor ions can
be isolated in targeted manner in real-time, followed by fragmentation in single LC-MS run. It
significantly improves sensitivity using elution time prediction algorithm based on the
endogenous background population. We envision that the MaxQuant.Live global targeting
approach will allow routine targeting of several disease-associated ions in a single MS run and
eliminate up-front enrichment step as it significantly improves sensitivity on the MS side. This
platform can be readily extended to PTM-specific peptides to measure them globally with very
high reproducibility and accuracy. In summary, developments described in my thesis have
contributed to a future in which we can elucidate and follow PTM-based processes in cellular
biology and pathophysiology in unprecedented scale and detail, an important basis of system

biology and precision medicine.
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Parkinson’s disease (PD) is a prevalent neurologic disorder which is diagnosed in up to 10 million
people worldwide. However, there are currently no treatment strategies and therapeutics that
alter the course of the disease. Their development would greatly benefit from specific, sensitive,
and non-invasive clinical assays and biomarkers to detect PD early and monitor disease
progression and treatment efficacy. Together with Sebastian Virreira Winter and in addition to
my other studies, | developed a scalable and sensitive proteomics workflow for urinary proteome
profiling by combining high-throughput sample preparation with state-of-the-art MS-based
proteomics. Using this workflow and minimal sample volumes, we quantified more than 2,000
proteins in each of more than 200 urine samples s from two independent cohorts. The urinary
proteome was significantly different between PD patients and healthy controls as well as between
LRRK2 G2019S carriers and non-carriers in both cohorts. We observed high overlap of proteins
exhibiting significantly perturbed levels in the two independent cohorts. This study demonstrates
that valuable information can be inferred from the urinary proteome for neurodegenerative
diseases. Strikingly, our data revealed strong lysosomal dysregulation in individuals with the
LRRK2 G2019S mutation and urinary proteome profiles. Using machine-learning techniques, this
alone can remarkably well classify pathogenic LRRK2 carriers from controls and non-manifesting

carriers from those who develop the disease.
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SUMMARY

The prevalence of Parkinson's disease (PD)) is increasing but the development of novel treatment strategies
and therapeutics altering the course of the disease would benefit from specific, sensitive and non-invasive
biomarkers to detect PD early. Here, we describe a scalable and sensitive mass spectrometry (MS)-based
proteomic workflow for urinary proteome profiling. Our workflow enabled the reproducible quantification
of more than 2,000 proteins in more than 200 urine samples vsing minimal volumes from two independent
patient cohorts. The urinary proteome was significantly different between PD patients and healthy controls.
as well as between LRRE? G20195 carriers and non-carriers in both cohorts. Interestingly, our data revealed
lysosomal dysregulation in individuals with the LERE? G20195 nmitation. When combined with machine
learning. the urinary proteome data alone was sufficient to classify mutation status and disease
manifestation in mufation carriers remarkably well, identifyving VGF. ENPEP and other PD-associated
proteins as the most discriminating features. Taken together. our results validate urinary proteomics as a
valuable strategy for biomarker discovery and patient stratification in PD.

EEYWORDS
Parkinson’s disease, unne, body fluid, mass spectrometry, LC-MS/MS, DIA. neurodegeneration.
proteomics, biomarker
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INTRODUCTION

With a population prevalence of 0.2%,
Parkinson’s disease (PD)) is the second most
common neurcdegenerative disorder after
Alrheimer’s disease [1]. It is characterized by the
progressive loss of dopaminergic neurons and
accumulation of a-svmuclein-containing protein
aggregates called Lewy bodies in the cytoplasm
of the remaining neurons. As a result of
dopaminergic neuron loss, PD manifests with
motor signs  and  syvmptoms  including
bradvkinesia, tremor and rigidity, and these
characteristics are nsed for diagnosing the disease
[1-3].

PD iz a genefically complex disorder. Most
patients do not carry a single pathogenic variant
linked to PD. but a subset of about 10% of
patients carry an identifiable pathogenic variant
in genes such as SNCA, PREN, LRRE? or GBA.
For these individuals, the risk of developing the
disease increases to 2 to 3% [2]. Among these
genes, LRRE? is relatively common and canses
PD in an autosomal dominant with incomplete
penetrance fashion. How LERE? mutations cause
PD is unknown. however, several studies have
indicated that disease-linked LRRE? mutations
elevate its kinase activity and contribute to PD
pathogenesis [4]. We have previously identified
multiple Bab GTPases as endogenous targets of
mutant LTREE? [3-7]. Furthermore, inhibitors of
this kinase have emerged as promising
therapeutics for PD and clinical trials have
already passed phase 1[8]. Although idiopathic
forms of PD presumably represent a
heterogeneous  collection of  pathogenic
mechanisms, LRRK?-associated PD  and
wdiopathic PD (1PD)) show a similar phenotvpe in
terms of disease svmptoms and response to
levodopa. The interest in LREE? as a therapeutic
target is also fueled by the association between
common variants in LRRE? and sporadic PD [9]

and the observation that LERE? activity is
increased in autopsied brain tissue from i1PD
patients without a known pathogenic mutation
[10]. Thus, it will be important to conduct studies
on anfe-mortem biospecimens fo gain insights
into LRRE? mutation-induced changes and
thereby identify iPD patients who could benefit
from LRREK ?-targeted therapies.

Current treatments, including levodopa - the most
effective PD medication, mainly alleviate the
motor symptoms rather than slow disease
progression or reverse the pathology. Given the
growing number of PD patients worldwide, and
escalafing economic and societal implications,
there 1s an urgent need for disease-modifiying
therapeutics. The development of new
therapeutic strategies requires better insights into
the pathophysiclogic mechanisms of PD as well
as biomarkers to detect the earliest stages of PD
before severe motor impairment is evident and
irreversible brain damage has already occurred.
Although cerebrospinal fluid (CSF) has been
frequently used for biomarker studies of brain
disorders, recent studies indicate that urine offers
another promising clinically viable matrix for PD
since it can be frequently and non-invasively
collected in large volumes [11] Importantly,
urine contains not only kidney and urinary tract
proteins but also filtered plasma proteins
originating from distal organs, including the brain
[12, 13]. Therefore, urine protein analvsis may
provide diagnostic and prognostic opportunities
for both urogenital and non-renal diseases [14-
2G]. Recent technical advances in fast and high-
throughput sample preparation methods in
conjunction with improvements in high-accuracy
mass spectrometry (MS)-based proteomics have
enabled characterization of the urinary proteome
[27-30]. However, to what  extent
neurodegenerative disorders including PD affect
the urinary proteome remains unknown.
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Our group has recently emploved state-of-the-art
MS-based proteomics fo obtain proteome profiles
of the two body fluids, plasma and CSF. in
multiple disease conditions [31-35]. Here, we
extend this technology to urnary proteome
profiling and provide first evidence that this
approach can be used for PD biomarker
discovery. More specifically., we focused our
analysis on two large patient cohorts, both
including  healthy confrol subject, non-
manifesting carriers of the frequently found
LRRE? G20195 nmtation, manifesting patients
with the same mutational signature, and PD
patients without the LRRE? nmfation. The
composition of the cohorts, quality of the data and
the depth of proteome coverage allowed us to
identify pathogenic LRRE ?-regulated lysosomal
protein signatures that could serve as biomarkers
to stratify subjects with pathogenic LREREZ.
Taken together. our study offers evidence that
quantitative MS-based proteomics represents a
clinically useful strategy for non-invasive
monitoring of disease progression and freatment
response as well as patient stratification in PT).

RESULTS

Overview of PD cohorts for urinary
proteomics

Here, we employ a recently described
‘rectangular’ biomarker discovery strategy in
which as many proteins as possible are measured
using shotgun MS-based proteomics for all the
individuals in both discovery and walidation
cohorts [33, 36]. To map proteome changes
between individuals with different mutation
status and manifestation of disease, we analyzed
235 urine samples from two independent cross-
sectional cohorts each comprised of four subject
groups: (1) healthy controls (HC, LERE2-/PD-);
(2) non-manifesting carriers (NMC) harboring
the LRRE? G2019S mutation (LRRE2+/PD-); (3)
idiopathic PD patients (iPD, LRRE2-/PD+); and

(4) manifesting PD patients with LRRE? G20195
(LRRE2 PD. LRRK2+/PD+) (Figure 1A &
Table 1).

The first cohort was recruited at Columbia
University Irving Medical Center (heremnafter
referred to as “Columbia cohort™ and color-coded
with orange) [11, 37]. Participants in the
Columbia cohort included 35 HC, 16 NMC, 40
iPD, 28 LRRE? PD individuals, and one PD
patient with an unknown LRRE? status. The
cohort included 52 female sex and 68 male sex
individuals (Figure 1A and Table 1). The GBA
(gene that encodes for lysosomal acid
glucosyleceramidase (GCase)) mutation status
was also available for all individuals, with 22 of
them harboring a B4 variant and 98 the wild
type allele. PD+ and PD- subjects were
frequency-matched by age with means of
67003 and 641£120 (= 5SD) vears,
respectively (Supplementary Figure 1A). Their
motor skills were assessed using the Unified
Parkinson’s Disease Rating Scale part I
(UPDRS-IIT) and cognitive functioning with the
Montreal Cognitive Assessment (MoCA) test
(Supplementary Figure 1B-C). Genotyping for
LRRE? G20195 nmtation was conducted as
previously described [38].

To confirm findings from the Columbia cohort,
we addifionally analyzed a subset of biobanked
urine  samples from the Michael J Fox
Foundation for Parkinson’s Research (MIFF)-
funded LRERE? Cohort Consortium (LCC)
(hereinafter referred to as ‘LCC cohort™ and
color-coded with blue). We determined urine
proteomes for 26 HC, 37 NMC, 29 iPD, and 23
LREEK? PD individuals (53 female and 62 male)
(Figure 1A and Table 1). In the LCC cohort,
individuals in the non-diseased group were
somewhat younger (53.8=13.9) than PD patients
(67=7.6) (means = 5D) vears (Supplementary
Figure 1D). In addition. LCC sample collection
protocols were less siringent than in  the
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Columbia cohort and UPDRS-III and MoCA
scores were not available, indicating that the
Columbia cohort is more powerfiul for our
analyses. Both studies were approved by local
institutional review boards, and each participant
signed an informed consent (See Supplementary
Table 1 for a detailed overview).

Proteomic characterization of urine samples
For the proteomic profiling of individual urine
samples, we developed a high-throughput
proteomics workflow building on the PVDE-
based sample processing method MStern blotting
by the Steen group [27] combined with data-
independent acquisition (DIA) LC-MS/MS [39,
40] (Figure 1A). To maximize proteome depth,
we generated two cohort-specific hvbrid spectral
libraries by merging three sub-libraries: (1) a
library constructed by data-dependent acquisition
(DDA) consisting of 24 fractions of pooled neat
urine samples; (2) a DDA library consisting of 8
fractions of extracellular vesicles isolated from
pooled neat urine samples; and (3) a direct-DIA
library generated from the DIA analysis of all
analyzed samples (see Methods). In these hybrid
libraries, we idenfified a total of 4,564 and 5.725
protein groups for the Columbia and LCC
cohorts, respectively (Supplementary Figure
1E). Applying this robust workflow, we
quantified on average 2,026 (Columbia) and
2,162 (LCC) protein groups per neat urine
sample. in single runs of 45 minutes and using
less than 100 pl of starfing materal
(Supplementary Table ). Three outlier samples
were excluded from further analysis due to low
proteome  depth (Fig 1B and 1C,
Supplementary Table 1). The quantified protein
intensities spanned five orders of magnitde in
both cohorts and the top ten most abundant
proteins contributed about half to the total urinary
proteome signal (Fig 1D and 1E). As observed
before [17], the molecular weight distribution
spanned a wide range with many profeins
exceeding 100 kDa. More than 2 000 proteins
were in common between the two cohorts. To

best of our knowledge, this siudv presents the
deepest urinary proteome coverage for single-run
analysis to date, a promising basis for the
discovery of biomarkers.

Data from repeated measurements of individual
samples revealed a high reproducibility with
more than 90% of proteins having an intra- and
inter-plate coefficient of variation (CV) below
50% in both studies and about 60% of proteins
with a CV below 20% (Figure 1G, 1H,
Supplementary Figure 2). The intra- and inter-
plate wvariability within each cohort was even
lower (Supplementary Figure 2C and 2T).
while the inter-individual variability was much
larger with no protein having a CV below 20%
(Supplementary Figure 2F and 2L). Thus, our
proteomic quantification accuracy  greatly
exceeds the biological variability that we seek to
measure.

Quality assessment of urine samples

Pre-analytical variation caused by inconsistent
sample processing and contaminations during
sample collection can have a strong impact on the
results and may cause the reporting of incorrect
biomarkers [34]. To ensure that the observed
proteome changes are not caused by arfifacts
related to sample handling and processing, we
assessed each sample for potential quality issues.
To this end, we used a previously reported quality
marker panel to determuine the degree of
contamination with erythrocytes [34] (Figure
2A-Band Supplementary Table 3). Insufficient
removal of cells and cellular debris from urine
leads to an increased detection of intracellular
proteins with a high sample-to-sample variability
compared to regularly secreted uninary proteins
[41]. We therefore generated a second urine-
specific quality marker panel to assess the degree
of contamination with cells and cellular debris
that could originate from aged. inflamed or
damaged tissue of the kidneys bladder or the
urinary tract (see Methods). Although urine
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samples from both cohorts were cleared by
centrifugation following collection to avoid this
gystematic bias, our procedure flagged four
samples from the Columbia cohort for potential
contamination with cellular components (Figure
2A-B). Taken fogether, 6 samples from the
Columbia cohort and 4 samples from the LCC
cohort showed increased intensities of
contamination markers and were thus excluded
from further analyses. In addition, we further
excluded one sample from the Columbia cohort,
as it clustered far away from all other samples in
a principal component analysis (PCA). likely
indicating pre-analytical variation.

Next, we generated a global correlation map of
the urnary proteome fo idenfify clusters of
functional co-regulation as previously reporied
for plasma proteome profiling [31]. The global
correlation map contains pairwise relations of all
urinary proteins across 112 samples from the
Columbia cohort. Unsupervised hierarchical

clustering of the pairwise Pearson correlation
coefficients revealed four main and several small
clusters of co-regulated proteins (Figure 2C).
The largest of these clusters was chiefly enriched
for proteins with the Gene ontology (GO)-term
‘extracellular exosome’™ as well as other
significant terms (Supplementary Table 4). We
also identified a cluster of highly correlated
proteins that was enriched for the GO-ferms
‘immunoglobulin® and  “B-cell receptor,
suggesting that these proteins originate from
immune cells. The two further main clusters were
enriched for proteins originating from sex-
specific tissues such as the prostate and vagina
(Figure 2C) [42]. This shows that sex-dependent
anatomical differences stronglv affect the urinary
proteome and thus should be considered as
confounding factors. Indeed, a principal
component analysis indicated sex as the strongest
contributor to the inter-individual variance of the
urinary proteome (Figure 2D and 2E).

Table 1. Demographics of all participants

o NMC 1PD (LRRK2- LLRK2 PD
Columbia cohort HC {?‘:‘E‘;’J’PD) (LRRE2+/PD-) /PD+) (LRRK2+/PD+)
(n=16) (n=40) (n=28)
Apge at collection, mean (SD) 67.5 (10.3) 56.8 (12.7) 64.9 (9.2) 70.7 (8.7)
Age af onset, mean (SD) n'a n'a 57.8(11) 379(11.3)
Sex (female/male) 17/18 8/8 15/25 11/17
GBA (mut/WT) 7/28 1/15 11/29 3/25
MoCA 27.5(2) 28.7(1.1) 26.9(1.6) 26.3(45)
UPDRS-III 1.1(1.5) 0.8(L1) 17.7 (10) 20.6 (8)
. NMC iPD (LRRK2- LLREK2 PD
LCC cohort HC {ﬁf;;m') (LRRE2+/PD-) /PD+) (LRRE2+/PD+)
(n=37) (n=29) (n=23)
Age at collection, mean (SD) 56.1(16) 52.1(12.1) 65(9.1) 68.4 (5)
Age at onset, mean (SD) n/a n'a 58.4(0.1) 37.7(7.6)
Sex (female/male) 15/11 16/21 0/20 13/10
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Figure 1. M5-based proteomic analvsis of two independent urinary PD cohorts has high depth and
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A) Overview of the two cohorts and the proteomic workflow. Urnine samples comprised of four subject
groups ((HC, 1PD, NMC and LREK?2 PD) were prepared using MStern blofting and analyzed by LC-
MS/MS using data-independent aceuisition (DIA). The sex and total number of subjects per cohort group

15 shown.

B-C) Number of proteins identified and quantified with a 1% false discovery rate (FDE) in each sample in
the Columbia (B) and LCC (C) cohorts. Bars indicate mean and standard deviation. Arrows point at one
subject from the Columbia and two subjects from the LCC cohort that were excluded from further analysis

due to low proteome depth.
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D-E) Proteins identified in the Columbia (D) and LCC (E) cohort were ranked according to their MS
signals, which covered more than five orders of magnitude. The top ten most abundant Parkinson-related
proteins (green) and Fab GTPases (red) are labeled.

¥-G) Quantification precision assessed by calculating the intra-plate (F) and inter-plate (&) coefficients of
variation (CVs) for the Columbia and LCC cohorts. Proteins with a CV below 20% and 0% in both cohorts
are highlighted in light and dark red. respectivelv and the fractions of proteins above and below these CV
thresholds are shown. A total of 2,051 proteins were consistently quantified in both cohoris.
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Figure 2. The large majority of urine samples has high quality and shows sex-specific protein
expression

A-B) Histograms of log? transformed ratios of the summed intensity of the proteins in the respective quality
marker panel and the summed intensity of all proteins in Columbia (A) and LCC (B) cohorts. A sample
was flagged for potential contamination and removed from further analvsis if the ratio differed more than
two standard deviations from the mean of all samples within the cohort. The profeins in each quality marker
panel are listed in Supplementary Table 3.

) Global correlation map of proteins generated by clustering the Pearson correlation coefficients of all
pairwise protein comparisons for the Columbia cohort.

D-E) Principal component analysis (PCA) of all subyects based on their urinary proteome profiles. Female

subjects are shown in purple and males in green.

Detection of PD-related proteome alterations
in urine

Although PD primarily manifests in the central
nervous system and 15 characterized by mofor
impairments, if 1s known to affect and potentially
initiate in peripheral tissues and is associated with
non-motor symptoms [43, 44). Thus, we asked if
the disease also causes changes of the urinary
proteome, which reflects proteins from both
central and peripheral organs. To establish PD-
associated changes in urine proteome, we first
determined which proteins are differentially
present in the urne of PD patients compared fo
the confrols, irrespective of their LRRE? status
(HC and NMC). To control for confounders, we
performed an analvsis of covariance (ANCOVA)
considering sex, age at sample collection, LRRE?
status and GBEA status (only available for the
Columbia cohort) as confounding factors.
Applving a 5% false discovery rate (FDR) cut off.
we identified 361 proteins that displaved
significantly different levels in PD patients when
compared to controls (HC and NMC) (298 in
Columbia cohort and 73 1n LCC cohort)

(Supplementary Table 5). The smaller number
of significantly different proteins in the LCC
cohort as well as the relativelv small overlap
between the cohorts could be explained by a less
stringent sample collection protocol and worse
age-matching in the LCC cohort. The log? fold-

changes between PD patients and non-diseased
individuals show a good correlation between the
two cohorts (Pearson 1 = 0.63) (Figure 3A).
reflecting both reproducibility of the applied
proteomic  workflow and  pathobiological
consistency. The mean fold-changes of the 330
PD-associated proteins that were quantified in
both cohorts were larger for the Columbia cohort
(Columbia: 1.43 (up) & 0.49 (down) vs. LOC:
1.27 {up) & 0.75 (down)). Furthermore, 90% of
the PD-associated proteins were detected with at
least two peptides and quantified with CVs below
530% (Supplementary Figure 3A).

Protein misfolding is known to be involved in
many nenrodegenerative conditions including PD
[45]. Interestingly., some of the profeins
exhibiting the largest differential levels between
the urine of controls vs. PD patients include
proteins assisting other proteins in folding. such
as peptidvl-prolyl cis-trans 1somerase B (PPIB)
and T-complex protein 1 subunit gamma (CCT3)
(Figure 3A). We also identified two of the eight
human canonical ribonucleases (RINASEL and
ENASE2) to be PD-associated in both cohorts
(Figure 3A) The levels of the four
apolipoproteins APOA1, APOA2, APOA4 and
APOC1 were also elevated in PD patients
(Figure 3A). Wlale thev show a similar frend in
both cohorts, they reached stafistical significance
only in the Columbia cohort, corroborating that
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this cohort has greater power to detect PD-
associated changes.

Next, we analvzed if any GO-terms assigned to
the 361 PD-associated proteins were significantly
enriched compared to the urnary proteome
(Figure 3B). This analvsis examines if PD affects
individual cellular compariments and particular
biological signaling networks in urine. The term
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Figure 3. PD affects the urinary proteome

‘bone development’ was significantly enriched.
in line with previous findings that PD patients are
at increased risk for osteoporosis and osteopenia
[46]. In summary, we observed disease-
associated protein signatures with a high
correlation between the two independent cohorts
and identified promising candidates that could
serve as biomarkers for PD and provide
mechanistic insights into disease pathogenesis.
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A) Correlations of mean fold-changes of the profeins changing PD-dependently in the Columbia and LCC
cohorts. Only proteins quantified in both cohorts are shown (n=330). The colors match to the GO terms
shown in (B). Proteins overlapping between the two cohorts are labeled with their name.

B) Fisher exact fest to identify significantly enriched GO-terms in the PD-associated proteins in urine. All
GO-terms that were significant in both cohorts are displayed (FDE = 5%).

Pathogenic LRRK?-dependent changes are
linked to Ivsosomes and glycosphingolipid
metabolism

Encouraged by the observation of disease-
dependent proteome changes in urine, we next

asked if the urinary proteome is altered by the
presence of the LRRE? G20195 mutation. We
again applied an ANCOWVA analysis with sex, age
at sample collection, PD status and GBEA status
(onlv available for the Columbia cohorf) as
confounding factors and compared the proteomes
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between G20195 and wild type allele carrers.
Applying an FDR of 3%, the mutation altered the
abundance of 237 proteins (FDE 5%,
Columbia: 166, LCC: 104) (Figure 4A and
Supplementary Table 5) A subset of 33
proteins differed significantly in G20195 carriers
in both cohorts and all these proteins were
upregulated in pathogenic LRRE? carriers. A
pairwise comparison of the four subject groups
(HC. NMC, PD and LRREK2 PD) using a
student’s t-test confirmed that the abundance of
the overlapping proteins changed in a G20195-
dependent manner but was unaffected by the PD
status (Figure 4B).

In tofal, 227 LRRK?-status associated proteins
were quantified in both cohorts and the fold-
changes of these were similar between the two
cohorts (Figure 4C). although the effect sizes
were slightly larger for the Columbia cohort
(Columbia: 1.43 (up) & 0.76 (down) vs. LCC:
1.39 (up) & 0.89

(down)). Interestingly, one of the proteins
exhibiting the largest increase in LRRE? G20195
carriers in both cohorts was a phosphatase, the
Intestinal-tvpe Alkaline Phosphatase (ALPI). As
for the proteins that changed dependent on PD
disease status. most LRRE?-status associated
proteins were detected with at least two peptides
and quantified with CWVs Tbelow 350%
(Supplementary Figure 3B).

A GO-term analysis revealed strong enrichment
of proteins associated with lvsosome-related
ferms such as “aufolysosome’.,  ‘lysosome’.
‘lysosomal lumen’., ‘azurophil granule lumen’
and ‘lvsosomal membrane’ as well as
‘glycosphingolipid metabolic processes” in
LRREZ (G20195 carriers in both cohorts (Figure
4D). Among the proteins associated with the
lysosome-related GO-terms were multiple
members of the cathepsin famuly including
cathepsins A, B, C. D. H, L, O, 5, and Z. The

10

widely used lysosomal marker proteins, LAMP1
and LAMP? were also significantly altered in
LRRE? carriers in the LOC cohort. while LAMP3
was significantly changed in the Columbia
cohort. In fotal, 13 proteins were associated with
the GO term ‘sphingolipid metabolic process’,
most of them upregulated in LRRE? G20185
carriers. Among them were multiple lysosomal
enzymes including GCase (encoded by GBA).
galactocerebrosidase (GALC), sphingomvelin
phosphodiesterase (SMPD1). and the beta-
hexosaminidase subunits alpha and beta (HEXA
and HEXB).

Heterozygous pathogenic mutations in GEA4 are
one of the most common PD risk factors while
homozygous loss of function mwutations of the
same protein cause the lysosomal storage
disorder (L5SD) Gaucher's disease. Past studies
have described increased GCase activity in
LRRE? deficient mice. and decreased GBA
activity in LRRE? G20195 carrier neurons [47,
48]. Additionally, it has been reported that FD
patients with mutations in both proteins develop
symptoms at a younger age compared to patients
with only one affected gene [49-51]. However,
despite these reports, it remained unclear whether
mutations in GBA and LRERK? contribute to the
pathogenesis of PD wia common pathways.
Participants in the Columbia cohort were
sequenced for mutations m GBA [38] and 22
individuals were found to carry a pathogenic
mutation in this locus. To determine which
proteins were changed specifically in carriers of
GBA wvariants. we performed an ANCOVA
analvsis with sex, age at sample collection, PD
status and LRRK Y status as confounding factors.
Using an FDE of 3%, we found that levels of 74
proteins were affected by GBA (Figure 4E and
Supplementary Table 5). Interestingly, only
Intercellular adhesion molecule 1 (TCAMI).
Adenosylhomocysteinase (AHCY) and Stomatin
(STOM) were affected by pathogenic mutations
in both LRRE? and GBA, suggesting that the two
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mutations largely affect distinct pathways.
Furthermore, the &54- and LRRE?-dependent
protein fold-changes were poorly correlated
(Pearson r = 0.21) (Figure 4F) but future well-
powered studies on GBA4 cohorts are needed to
firm up the data. Of nofe, most proteins
associated with the GO term °glycosphingolipid
metabolic process’ were increased in LRRE?
G2019S carriers but decreased in pathogenic
GBA camers, most nofably GM2 activator
(GM2A).

Together, we identified pathogenic mutant
LRRE?-dependent protein signatures with a high
correlation between the two independent cohorts.
The LERE? mutational status-dependent changes
of the uvrnary proteome include Iysosomal
proteins that could serve as biomarkers to stratify
subjects with pathogenic LRRE?.

Correlation of proteome profiles with clinical
parameters

(Given that clinical parameters. including disease
severity scores, were available for the Columbia
cohort, we were interested in exploring whether
any of these clinical parameters correlate with
proteomic changes we detected. We were
especially interested in the cognitive capabilifies
of the participants as evaluated using the
Montreal Cognifive Assessment (MoCA) test,
and the motor performance as assessed using the
Unified Parkinson’s Disease Rating Scale part 111

11

(UPDES-IIT). Within the Columbia cohort,
MoCA scores ranged from 8 to 30, on a scale
from 0, for severe cognitive impairment, to 30,
for no measurable cognitive impairment. We
observed that two proteins, Tenascin-E (TNER)
and Furn (FURIN). showed a strong negative
correlation with the MoCA score in PD patients
(TNR Pearson 1: -0.66; FURIN r: -0.65; p < 107
for both), mainly driven by LRREKZ G20195
carriers (TNR r: -0.77;

FURIN 1: -0.78; p < 107 for both) (Figure 5A).
When simuilar tvpe of amalysis was done with
UPDES-III scores, which ranged from 0 to 38 in
the Columbia cohort (on a scale from 0 assigned
for normal to 56 for severely affected motor
function), we observed that immunoglobulin
kappa vanable 6-21 (IGKV§-21), was the highest
correlated protein in PD patients (1: 0.54, p < 10°
*) (Figure 5C). This protein also exhibited one
the highest fold-change in abundance when
comparing wurine of PD patients with non-
diseased individuals (Figure 3B). Of note, the
correlation between UPDRS-III scores and levels
of IGEV6-12 was mainly driven by iPD patients
(r: 0.68; p = llil'-"_‘} and much weaker in LRRE?
20195 PD patients (r: 0.36; nof significant)
(Figure 5C). Collectively, this analysis suggests
that 1PD and LRRK? G2019S patients could be
strafified based on the differences between
MoCA and UPDRS-III score correlations with
different urine proteins.
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Figure 4. Pathogenic LRRK?-dependent lvsosomal dyvsregulation is reflected in the urinarv proteome
and distinct from pathogenic GBA-induced alterations
A) Proteins that differ significantly differ between pathogenic LERE? carriers and controls using an
ANCOVA analvsis with sex, age, PD status and GBA status as confounders and an FDR of 3%.

B) Mean fold-changes for each of the 33 proteins that were LRRE?-dependently regulated in both cohorts
using a pairwise t-test comparing the four subgroups (HC, NMC, 1PD and LRRE? PD).
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) Correlation of mean fold-changes of the proteins changing LERE?-dependently in the Columbia and
LCC cohorts. Only proteins identified in both cohorts are shown (n=227). The colors match fo the GO terms
shown in (D). Proteins overlapping between the two cohorts are labeled with their name.

D) Fisher exact test was performed to identify significantly enriched GO-terms in the LRRE?-dependently
regulated proteins in urine. All GO-terms that were significant in either cohort are displayed (FDE = 5%).
E) Proteins that differ significantly between pathogenic &BA carriers and controls or pathogenic LRRE?
carriers and controls vsing an ANCOVA analysis with sex, age, PD status and LRRE?/GBA status as
confounders and an FDE of 5%. In total. 237 proteins were differentially expressed in these two
comparisons with 166 and 74 regulated proteins in the LERE? carriers and GBA carriers. respectively. only
three of which were common between both mutations.

T Correlation of mean fold-changes of the proteins changing LRRE?-dependently and GB.A-dependently
(n=237) in the Columbia cohort. Carriers of pathogenic variants in both G54 and LRRE? were excluded
from the analysis. The colors match to the GO terms shown in (D).

repeated (n=15) with shuffling the dataset to have

Machine learning-based classification of a total of 60 train/test-splits to achieve a robust
urinary proteomes estimate of model performance. Each time, we
Finally, we assessed how well machine learning determined a receiver operating characteristic
models can discriminate between PD patients and (ROC) curve and found the mean area under the
non-diseased individuals. between LRERE? curve (AUC), which is often used to assess the
20195 and wildtype allele carriers, and between performance of a model, fo be 0.84=0.05 (Figure
NMC individuals and LRRE? G20195 patients 6A). On average, we correctly classified 91 out of
based on the acquired urinary proteome profiles. 117 PD patients and 77 out of 106 controls in the
Since the accuracy of the model largelv depends test sets (Figure 6B). Accordingly. the machine
on the number of samples, we combined all learning model reached a sensitivity of 78% and
samples from the Columbia and LCC cohorts for a specificity of 73%. When we trained the model
these analyses. We first selected and ranked on the one cohort and tested it on the other cohort,
which protein features to use in the machine we obtained AUCs of 086 or 0.72, further
learning model by employing a decision tree. To demonstrating the robustness of the model
classify individuals as having PD or not. the (Figure 6C).

decision tree selected the 15 most important

features of the PD" vs. PD™ urinary proteomes, We next used the same machine learning methods
with the intensitv of PPIB, one of the proteins that to classify 20195 and wildtvpe LERE? carriers
displaved the largest difference in abundance using the same strategy as described above. The
when PD samples were compared to the controls decision tree selected the 15 most important
(Figure 3A). being on top of the Ilist features, with the intensity of ENPEP being the
(Supplementary Figure 5A) Using these most important one (Figure 4A; Supplementary
proteins, we trained an XGBoost model, a Figure 5B). Using these proteins and the
commonly applied algorithm for gradient X GBoost algorithm, we obtained a mean ATC of
boosting. a machine leamning technique that 1s the ROC curves of 0.87=0.04 (Figure 6D). For
used to build robust predictive models based on the test sets, we could correctly classify 73 out of
ensembles of weaker predictions., such as the 90 LRRE? G20195 carriers and 103 out of the
decision trees. Samples were cross-validated by 123 wildtype allele carners. corresponding to a
applying a stratified 4-fold split. This was T4% sensitivity and 84% specificity (Figure 6E).
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When we trained the model on one of the cohorts
and tested it on the other. we obtained AUCs of
0.76 or 080 (Figure 6F). Additionally, we
trained the model on all individuals with a known
LRRE? status and classified the sample from the
Columbia cohort with an unknown LERE? status
with an §7% probability to be wild type LERE?.
After we had finished this machine learning
modelling, the mutational status of this individual
was determined as wild type LRRE? further
verifving the machine learning model.

Encouraged by these results, we wanted to see
how well machine learning can discriminate
LRRE?+ PD patients from WMCs that also carry
a LRRE? mutation and are af increased risk of

developing the disease. Using a decision tree, we
selected seven proteins for fraining the model
(Supplementary Figure 5C). Interestingly,
VGF, a neurotrophic factor, was identified as the
most important feature. When using these
features to train a classifier with our cross-
validation scheme, the obtained mean AUC of the
ROC corve was 0.94=005 and the obtained
sensifivity and specificity were both 88% (Figure
6G/H). Using samples from only one cohort as a
training set and applying the model to the other
cohort resulted in AUCs of 0.93 and (.74 (Figure
6I). Taken together, machine learning allowed us
to classify the PD and LRRE? states with high
specificities and sensitivities.
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Figure 5. Correlations with clinical parameters

A)) Pearson correlation scores and associated p-values [-logl0] of all protein infensities with the MoCA
total score. Either all PD patients (left). iPT) patients (middle) or LRRE? PD patients (right) were included

in the analysis.

B) Pearson correlation scores and associated p-values [-logl0] of all protein intensities with the UPDRES-
0T score. Either all PD patients (left), iPD patients (middle) or LREK? PD patients (right) were included.

Machine learning-based classification of
urinary proteomes

Finally, we assessed how well machine learning
models can discriminate between PD patients and
non-diseased individuals, between LRRKY
(20195 and wildtype allele carriers, and between
NMC individuals and LRREK? G2019S patients
based on the acquired urinary proteome profiles.
Since the accuracy of the model largely depends
on the mumber of samples, we combined all
samples from the Columbia and LCC cohorts for
these analyses. We first selected and ranked
which protein features to use in the machine
learming model by emploving a decision free. To
classify individuals as having PD or not. the
decision tree selected the 15 most important
features of the PD" vs. PD™ urinary profeomes,
with the intensity of PPIB, one of the proteins that
displayved the largest difference in abundance
when PD samples were compared to the controls
(Figure 3A), being on top of the list
(Supplementary Figure 35A) Using
proteins, we frained an XGBoost model, a
commonly applied algorithm for gradient
boosting, a machine learning fechnique that is
used to build robust predictive models based on
ensembles of weaker predictions, such as
decision trees. Samples were cross-validated by
applying a stratified 4-fold split. This was
repeated (n=15) with shuffling the dataset to have
a total of 60 train'test-splits to achieve a robust
estimate of model performance. Each time, we
determined a receiver operating characteristic
(ROC) curve and found the mean area under the
curve (ATIC), which is offen used to assess the
performance of a model, to be 0.84=0.05 (Figure

these

15

6A). On average, we correctly classified 91 out of
117 PD patients and 77 out of 106 controls in the
test sets (Figure 6B). Accordingly, the machine
learning model reached a sensitivity of 78% and
a specificity of 73%. When we trained the model
on the one cohort and tested it on the other cohort,
we obfained AUCs of 0.86 or 0.72. further
demonstrating the robustness of the model
(Figure 6C).

We nextused the same machine learning methods
to classify G20195 and wildtvpe LERE? carriers
using the same strategy as described above. The
decision tree selected the 15 most important
features, with the intensity of ENPEP being the
most important one (Figure 4A; Supplementary
Figcure 35B) Using these proteins and the
X GBoost algorithm, we obtained a mean AUC of
the ROC curves of 0.87=0.04 (Figure 6D). For
the test sets. we could correctly classify 73 out of
the 90 LRRK? G20195 carriers and 103 out of the
123 wildtype allele carners. corresponding fo a
T4% sensitivity and 84% specificity (Figure 6E).
When we trained the model on one of the cohorts
and tested 1t on the other, we obtained AUCs of
0.76 or 0.80 (Figure 6F) Additionally, we
trained the model on all individuals with a known
LRRE? status and classified the sample from the
Columbia cohort with an unknown LRRK? status
with an 87% probability to be wild tvpe LERE?.
After we had finished this machine leamning
modelling, the mutational status of this individual
was defermined as wild type LRREZ. further
verifying the machine learning model.
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Encouraged by these results, we wanted to see
how well machine learning can discriminate
LRRE?+ PD patients from NMCs that also carry
a LRRK? mutation and are at increased nisk of
developing the disease. Using a decision tree, we
selected seven proteins for fraining the model
(Supplementary Figure 35C). Interestingly,
VGF, a neurotrophic factor, was identified as the
most important feature. When using these
features to train a classifier with our cross-
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validation scheme, the obtained mean AUC of the
ROC curve was 0.94=005 and the obtained
sensitivity and specificity were both 88% (Figure
6G/H). Using samples from only one cohort as a
training set and applying the model to the other
cohort resulted in ATUCs of 0.93 and 0.74 (Figure
6I). Taken together, machine learning allowed us
to classify the PD and LRERE? states with high
specificities and sensitivities.
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Figure 6. Machine learning-based classification of PD and LRRK? status

A) Receiver operating characteristic (ROC) curve for the XGBoost-based model to classify PD+ vs. PD-
individuals. Random performance is indicated by the dotted diagonal line. The gray area represents the
standard deviation from the mean ROC curve. The blue lines show the values for a total of 15 repeats with
four stratified train-test splits.

B) Confusion matrix showing the model performance for classifving PD+ vs. PD- individuals. Numbers
represent the mean number from 15 repeats of cross-validation with four stratified train-test splifs.

C) ROC curve for the XGBoost-based model when trained on one cohort and tested on the other cohort.
Random performance is indicated by the dotted diagonal line.

D) Same as A) but for classification of LERE? G20195 vs. LERE? WT carriers.

E) Same as B but for classification of LRRE? G2019S vs. LRRE? WT carriers.

F) Same as C) but for classification of LRRE? G2019S vs. LRRE? WT carriers.

=) Same as A) but for classification of PD= vs. PD- in LRRE? G20195 carriers.

H) Same as B) but for classification of PD+ vs. PD- in LRRE? G20195 carriers.

I) Same as C) but for classification of PD+ vs. PD- in LRRE? G20195 carriers.

DISCUSSION descriptors of a disease [33, 35, 4], and we now
confirm, for the first time. that this also works for
The pathophysiology of PD leads to progressive urinary profeome analysis in the context of a
decline of motor function and results in numerous complex neurodegenerative disease. such as PD.
gquality of life issmes for patients and their
families. and inevitably leads to death within 7 to Our quantitative shotgun proteomic workflow
14 years from the initial diagnosis. The majority represents a sensitive and scalable approach for
of previous PD biomarker discovery and rapid analvsis of a large number of samples.
validation efforts have focused on CSF, serum Applying this workflow to more than 200 urine
and blood [52]. Additional strategies included samples from two independent cohorts allowed
targeted monitoring of a-synuclein levels, given us to precisely quantify on average more than
the known relationship between a-symuclein 2.000 proteins per sample while using minimal
accumulation and PD progression [533]. To sample amounts of less than 100 pl. Our approach
address this problem. we developed a shotgun successfully  determined  proteins  with
proteomics workflow for urnary proteome abundances that varied over more than five orders
profiling. We chose to focus on urine given the of magnitude. and quantified more than 1.200
non-nvasive natire gfubtajﬂjﬂg climical 53]]]_;}1&5__ pmtf:i_us with a CV below 20% across the two
which is a major advantage when developing a cohorts, highlighting the high depth and precision
strategy that can be used not only for diagnostic of our study. Moreover, the observed variability
and prognostic purposes, but for long-term between samples was much smaller than the
disease P]_'{]g]‘ﬂss,iﬂﬂ and treatment response biﬂ]ﬂg}ifﬂ] ‘L’HIiabﬂﬂj-' between S'llbjE{.‘tS_ further
monitoring. Additionally, instead of focusing on illustrating the quantitative robustness of our
a single biomarker and/or a subset of molecular workflow.
entities, our shotgun proteomic approach
provides a multiparameter global map of the Another factor contributing to the quality of the
disease state. We previously showed that this urinary proteome dataset reported here, is the
strategy can yield powerful, data-driven composition of the cohorts we analyzed. The
17
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cohorts included two types of controls, the
healthy controls as well as asymptomatic
individuals that are camiers of PD-associated
mutation G20195 LRRE? The cohoris also
included PD patients with and without the
mutation. and patients of both sexes, thus
allowing for different types of comparisons. For
example, the global correlation map and PCA
analysis showed that the sex of an individual has
a dominant effect on the urinary proteome. This
15 1n line with basic physiology and previous
reports [35] but highlights the importance of
incorporating sex as a confounding factor for
stafistical analyses. This is further illustrated by
the fact that 42 and 12% of the proteins with
differential abundance in PD) patients vs. confrols,
as well as 35 and 14% of the proteins that exhibit
different abundance in a LRRE? mutational status
dependent manner also significantlv differed
between the sexes in the Columbia and LCC
cohorts, respectively.

Applying our ‘rectangular’ strategy  for
biomarker discovery [36], we discovered 361 and
237 significantly altered proteins in PD patients
and pathogenic LRRK ? carriers, respectively. The
observed owverlap of proteins exhibiting
significantly perturbed levels in the ftwo
independent cohorts confirms that valuable
information can be inferred from the urinary
proteome for neurodegenerative diseases. We
note the scalability of our workflow, which will
allow its application to larger cohorts with more
comprehensive genetic and clinical information.
This extension of our work will be important fo
further wvalidate our results and to discover
additional biomarker candidates with improved
stafistical power.

Our data analysis led to several inferesting
observations that might suggest opportunities for
follow up. Here, we will briefly discuss only a
small oumber of such examples. For those
interested 1n more in depth data mining, we made

18

our datasets available wvia publicly accessible
depository (see Materials and Methods for
accession numbers). An inferesting insight that
emerged from the GO-term analysis of PD patient
vs. confrol proteomes identified the GO-term
‘bone development’ as significantly enriched.
The enzyme PPIB was significantly upregulated
in PD patients in both cohorts. This cyclophilin
assists the folding of type I collagen and can
protect cells against MPP -induced cell death in a
PD cell culture model [36]. Inhibitors of the
closely related famuly member cylophilin D
(CypD) are considered as therapeutic agents
against several neurodegenerative diseases
including PD [57]. Most other proteins associated
with the GO-term ‘bone development” were
downregulated in PD patients, in line with recent
findings that PD patients frequently suffer from
osteoporosis and osteopemia [46, 58). Going
forward, 1t would be important to examine the
relationship between PD profession and bone
health more closely, as this connection is
currently underexplored.

Another enriched term was ‘growth factor
activity”, although none of the proteins associated
with this term was significantly regulated in both
cohorts. Growth factors and particularly
neurotrophic factors have gained strong inferest
as therapeutic agents in Parkinson’s disease but
so far have not produced convincing clinical
benefits [39]. The neurosecretory protein VGF
was strongly decreased in PD patients in both
cohorts (Columbia: 024, LCC: 0.54) but only
reached statistical significance in the better-
controlled Columbia cohort. VGF 15 synthesized
as a prohormone and proteolytically processed to
various biologically active peptides. In this study,
we 1dentified peptides covering most of the VGF
sequence, including sequences contained in the
neuroendocrine regulatory peptide-1. However,
the applied tryptic digestion complicates a direct
link to the endogenous hormone peptides. VGF 1s
exclusively synthesized and secrefed by neuronal
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and neuroendocrine tissues. In the CNS, VGF
promotes  neurite  growth and  exhibits
neuroprotective activity, while it also regulates
energy homeostasis in peripheral tissues. Gene
expression of VGF 1in the cortex [60] and
peptides derived from this gene are reduced in
post-mortem parietal brain cortex and plasma
from PD patients [61, 62]. Furthermore, VGF has
been suggested as a Diomarker in CSF for
Alrheimer's Disease (AD) and Amyotrophic
lateral sclerosis (ALS) and its expression was
reduced in the CSF of AD and ALS patients
compared to controls [63, 64].

We also identified several apolipoproteins - the
major profeinaceous constituent of lipoproteins -
to be significantly upregulated in PD patients in
the Columbia cohort. They have been linked to
neurodegenerative disorders including Alzheimer
disease, including in our recent proteomic study
of CSF [54]. APOE variants were shown to
exhibit neuroprotective activity (reviewed in
[65]). APOAI is the major protein component of
plasma high-density lipoprotein and its low levels
in CSF and plasma have been reported as a
potential PD biomarker [66-68]. While APOE
and ApoAl are the most abundant
apolipoproteins in the CSF and highly enriched in
the brain [69, 70], APOC] - a less-abundant brain
apolipoprotein- was implicated in Alzheimer
disease although its regulation and possible role
is poorly understood [71].

In another illustrative example. we analyzed
proteomic differences between patients with and
without a major inherited mutation associated
with familial PD, LRRK? G20195. Lysosomal
dysregulation and associated o-symuclein
aggregation appear to be a central event in the
pathogenesis of PD [72] and LRRE? through its
regulation of the endolysosomal pathways. 15 a
kev player in this mechanism [73, 74].
Interestingly. the LRREK ?-dependent signature in
the urinary proteome seemed fo Dbe more

19

consistent than the PD-dependent signature, as
indicated by the larger overlap of 33 vs. 10
proteins between the two cohorts. This suggests
that the genetic mutation of LARE? not only
manifests in the central nervous systems but also
dvsregulates multiple pathwavs in distal organs
such as the bladder and kidnev, where LREREK? is
actually highly expressed [73]. Our results
demonstrate that urine of pathogemic LRERE?
carriers strongly reflects lysosomal dysregulation
associated with increase in LREE? activity [72]
[72. 73]. This suggests that the genetic mutation
of LERKE? not onlv manifests in the central
nervous systems but also dysregulates multiple
pathways in distal organs such as the bladder and
kidney, where LREK?2 1s highlv expressed [73].
Additionally, one of the strongest upregulated
proteins in LRRE? G20195 carmmers was the
alkaline phosphatase ALPI We suggest that this
enzyme may counteract the hyperactive kinase by
as vet undiscovered feedback mechanisms.
Interestingly. knockdown of ALPI hasz been
shown to decrease both LREKZ2 levels and
activity in cells [76]. We also found sewveral
lysosomal proteins including o- and p-subunit of
p-hexosaminidase A (HEXA and HEXB), GM2A
and GCase, whose genes are associated with
LsSDs, to be upregulated in LRERE? G20195
carriers in both cohorts. Mutations in many LSD
genes have been associated with PD, suggesting
common pathogenic mechanisms underly both
diseases. The GO-term ‘glycosphingolipid
metabolic process’ was enriched among LRRE?-
regulated proteins. in agreement with increased
interest in understanding how sphingolipids
confribute to PD that stems from the fact that
several PD-associated genes including GEA are
linked to their metabolism [77, 78]. Ceramide
levels are increased in LRRK?-deficient mouse
brains and this decrease is regulated by G54 [48].
It still remains unclear how the disruption of
sphingolipid metabolism may result in PD-
associated nevrodegeneration or if LRERE?
directly or indirectly regulates this process. Our
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data suggest that pathogenic mutations in GBA
and LRRE? maimnly affect distinct regulatory
networks, as only three profeins were
significantly altered in common by mufations in
both genes. However, further studies on larger
GBA cohorts are needed to confirm and extend
our findings.

One of the cohorts we analyzed (Columbia)
included information on clinical scores of
cognifive and motor performances. This allowed
us fo correlate proteomic changes to clinical
score, thus revealing that TR and FURIN levels
were strongly correlated with higher cognitive
impairment. FURIN is a protease and 1s involved
in NMDA-induced neuronal imjury [79].
Furthermore, its homologue in the fimit fly,
Furinl. has been reported to be a franslational
farget of pathogemc LERE? and to be involved
in neurptoxicity [80]. TNE i1z a neural
extracellular matrix  protein  exclusively
expressed in the brain It is inveolved in
neurogenesis [81] and exfracellular mafnx
aggregates in the brain called perineural nets [82].
Of note, rare TWE wvariants have also been
associated with familial PD [83]. Interestingly.
IGEV6-21 was highly upregulated in PD patients
and also strongly correlated with the UPDRS-IIT
score. Although the underlying biology is
unclear, the association with both PD risk and
severity make this V region a pronusing
biomarker candidate to pursue in future studies.

To extend utility of our datasets. we developed a
machine learming model for stratifying PD
patients and LRRE? G20195 carriers with high
sensitivities and specificities. Importantly, the
machine learning model excelled in classifying
the PD status in LRRK? G2019S carniers. This 1s

20

of high interest, because although these carriers
are at an increased risk of developing PD_ there is
no predictive marker to determine whether or not
and when a muitation carrier develops the disease.
Given the performance of the machine learning
model, VGF, LTF, CELA3A TUBB4B, and
S0D2 are pronusing candidates as predictive
markers to early indicate disease development.

In summary, we have demonstrated that a distal
body fluid like wurine contains brain-specific
proteins and can inform about the disease and
mutation status in a neurodegenerative disease.
Cur urinary proteomics workflow is relatively
straightforward. readily scalable and thus easily
applicable to larger and more powerful cohorts. It
would be important to also apply if to longitudinal
data to confirm increased levels of PPIB and
IGEV6-21 in PD patients and VGF as a potential
indicator for disease mamnifestation in LRRK?
G20195 carriers but also identify new biomarkers
for PD risk and disease progression in idiopathic
and genefic forms of PD. Our results demonstrate
that urinary proteome profiling enables the
discovery of better biomarkers, which could have
a major impact on important aspects of disease
management: (1) a diagnostic biomarker will
enable early and objective diagnosis of PD, (11) a
prognostic biomarker will provide information
about the progression of the disease, and (iii)
predictive and treatment response biomarkers
will allow to momitor whether and how the
patients respond to a therapy. Reliable
biomarkers assessing LRRE? activity can also
aid with monitoring compliance of LERE?
kinase imhibitors and treatment efficacy, early
detection of non-manifesting carriers to prevent
disease onset and stratify idiopathic PD patients
who could benefit from LEREK2-based therapies.
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MATERIALS and METHODS

Study cohorts

In this study, urine samples from two independent
cross- sectional cohorts were analyzed. Both
studies were approved by local instifutional
review boards, and each participant signed an
informed consent.

The first cohort was recruited at Columbia
University Irving Medical Center (Columbia
cohort) and its participants donated urine under a
MIFF-funded LRRE? biomarker project from
March 2016 to April 2017. This cohort contained
35 healthy individuals without pathogenic
LEREE? mmtation (HC), 16 non-manifesting
carriers of the LERE?2 G20195 mutation (NMC),
40 idiopathic PD patients without pathogenic
LERE2 mutation (iPD) and 28 PD patients with
the pathogenic LRRE? G20195 mutation
(LERE? PD) and 1 PD patient with an unknown
mutation status of LERE?. Motor performance
was evaluated wsing the Unified Parkinson’s
Disease Rating Scale part III (UPDRS-IIT), and
cognifive functioning was assessed using the
Montreal Cognitive Assessment (MoCA) test.
Genotvping for LERE? G20195 and GBA
mutations was conducted as previously described
[38].

To confirm findings from the Columbia cohort,
urine from a second cohort consisting of 115 bio-
banked urine samples from the Michael J. Fox
Foundation for Parkinson's Research (MIFF)-
funded LRRK? Cohort Consortium (LCC) was
analyzed. The cohort used in this studv was an
exploratory subset of a larger cohort and
contained 26 Thealthv individuals without
pathogenic LRRE? mmtation (HC). 37 non-
manifesting carriers of the LRRE? G20195
mutation (NMC), 29 idiopathic PD patients
without pathogenic LRRE? mutation (iPD)) and
23 PD patients with the pathogemic LRERE?
20195 mutation. UPDRES-IIT and MoC A scores
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were not available for subjects from the LCC
cohort.

Quality assessment

To generate the urine-specific quality marker
panel, we recrmted three volunteers from within
the Department of Proteomics and Signal
Transduction at the Max Planck Institute of
Biochemistrv who kindlv donated 10 ml of urine
at three different time points during a day and
provided a written informed consent. with prior
approval of the ethics committee of the Max
Planck Society.

Following the collection. urinary samples were
centrifuged at 2000g for 10 minutes, supernatants
were harvested and pellets were resuspended 1n
100 pl of Urea sample solution. 100 pl of each
supernatant and the entire 100 pl of the
resuspended pellets were used for sample
preparation as described below. A sample was
flagged for potential contamination if the
summed intensity of all proteins in the respective
quality marker panel differed more than 2
standard deviations from the mean of all samples
within the cohort.

Sample Preparation

The undiluted neat urine as well as the cleared
and pelleted urine samples for the urine-specific
quality marker panel were prepared using MStern
Blot protocol as described previously [27].
Briefly, 100 pl of urine was first diluted in 300 pl
of Urea sample solution (8 M urea in 50 mM
ammonim bicarbonate (ABCY)) and
subsequently mixed with 30 pl of 150 mM
dithiothreitol (DTT) solution (150 mM DTT, 8 M
urea, 30 mM ABC) in a 96-well plate. The
resulting solution was incubated for 20 min at
room temperature. Reduced cysteine side chains
were alkylated by adding 30 pL of indoacetamide
(IAA) solution (700 mM IAA 8 M urea, 50 mM
ABC) and incubated for 20 min in the dark
During incubation, each well of the 96-well
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PVDF membrane plates (MSIPS4510, Merck
Millipore) was activated and equilibrated with
150 pl of 70% ethanol/water and urea sample
solution, respectively. The urine samples were
transferred through the PVDF membranes using
a vacuum manifold (MSVMHTS00, Merck
Millipore). Adsorbed proteins were washed two
times with 150 pl of 50 mm ABC. Digestion was
performed at 37°C for 2 hours by adding 100 pl
digestion buffer (5% v/v acetonitrile (ACN)/50
mm ABC) containing 0.35 pg per well of each
protease trypsin and LysC. After incubation in a
humidified incubator, the resulting peptides were
collected by applyving vacuum and remaining
peptides were eluted twice with 75 pl of
40%/0.1%/59.9%  (v/v)  acetonitrile/formic
acid'water. The pooled peptide solufions were
dried in a vacuum cenfrifuge.

Peptides resuspended 10 0.1% trifluoroacetic acid
(TFA) were desalted on C18 StageTips as
described in  [29]. The StageTips were
centrifuged at 1.000g for washing with 0.1% TFA
and elution with 80% ACN/0.1% TFA. The
eluate was evaporated to dryness using a vacuum
centrifuge and peptides were resuspended in 10pl
buffer A* (2% ACN/0.1% TFA and stored at -
20°C. Samples were thawed shortly before mass
spectrometric analysis and shaken for 2 minufes
at 2000rpm (thermomixer C, Eppendorf). Pepiide
concentrations were measured optically at 280nm
(MNanodrop 2000, Thermo Scienfific) and
subsequently equalized using buffer A* 500ng
peptide was subjected to LC-MS/MS analysis.

Cohori-specific libraries for data-independent
analyses were generated by pooling of 25
randomly selected samples of each cohort
Sample pools were fractionated into 24 fractions
each by high pH (pH 10) reversed-phase
chromatography as described earlier [84].
Fractions were concatenated automatically by
shifting the collection tube every 120 seconds and
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subsequently dried in a vacuum centrifuge and
resuspended in buffer A*.

To increase the depth of each library,
extracellular vesicles (EV) were isolated from
pooled urine samples of each cohort by ulira-
cenfrifugation as described earlier (Add Andy
West paper here). Briefly, 8.5 ml of § unne
samples per group (LRREZ?-PD-, LRRE2+/PD-,
LRRE2-PD+ and LRREZ?+PD+) were pooled
were centrifuged at 10,000g for 30 min at 4 °C
and supernatant was transferred and then
centrifuged again at 100,000g for 1h at 4°C.
Supernatants were discarded and pellets were
washed by adding 30 mL PES and centrifugation
at 100.000g for 1h at 4°C. Supernatant was
discarded and pellets were resuspended in100 pl
of a sodinm deoxvcholate-based Iysis buffer
confaining chloroacetamude (PreOmics GmbH)
and heated to 95°C for 10 min for reduction and
alkylation. After cooling to room temperature,
0.75 ng of each protease trypsin and 0 LysC were
added to each sample and digestion was
performed at 37°C overnight Peptides were
desalted with SDB-RPS (styrenedivinylbenzene-
reverse phase sulfonate) StageTips. Samples
were mixed with 5 vwvolumes of 1%
TFA/isopropanol for loading on StageTips and
subsequently washed once with
1% TF A/isopropanol and once with 0.2% TFA as
described earhier [29]. Peptides were eluted
80%/5% ACN/ammonium hydroxide. The eluate
was completely dried using a vacuum centrifuge
and resuspended in 0.1% formic acid. Peptides
were then separated into 8 fractions by high pH
reversed-phase clromatography as described
above for the libraries.

To determine coefficients of variation for the
Columbia cohort. unine from five donors in
triplicates on one plate were subjected to sample
preparafion (inira-plate) and this was repeated on
three different plates (inter-plate). For the LCC
cohort, urine from three donors in duplicates on
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one plate were subjected to sample preparation
(intra-plate). Urine form nine other subjects were
prepared on two different plates (inter-plate).

LC-MS/MS analysis

LC-MSMS  analysis was performed on an
EASY-nl.C 1200 coupled to a Q Exactive HF-X
Orbitrap mass spectromefer wvia a
electrospray 1on source (all Thermo Fisher
Scientific). Purified peptides were separated at 60
°C on 50cm columns with an inner diameter of
75um packed in-house with ReproSil-Pur C18-
AQ 19um resin (DrMaisch GmbH). Mobile
phases A and B were 99.9/0.1% water/formic
acid (viv) and 80/20/0.1%
acetonitrile/water/formic acid (vwv/v). For the
LCC cohort, the flow rate was constant at 300
nl/'min and the initial concentration of 5% B was
linearly increased to 30% B within 36 minutes,
and then increased further to 95% within 6 min
with a 3 min plateau at the end. For the Columbia
cohort, the flow rate was constant at 350 nl'min
and the initial concentration of 3% B was linearly
increased to 30% B within 35 minutes, and then
increased further to 95% within 5 min with a 5
min platean at the end.

nano-

MS data was acquired in the data-independent
acquisition (DIA) scan mode for single-shot
patient samples. using the MaxQuant Live
software and spectral processing with phase-
constrained spectmum deconvolution (phi-SDM)
[85, 86]. Full MS scans were acquired in the
range of m'z 300-1.650 at a resolution of 60,000
at m/z 200 and the automatic gain control (AGC)
sef to 3ed. For the Columbia cohort, additionally
two BoxCar scans with 12 i1solation windows
each and a resolution of 60,000 at m/z 200 were
acquired [B7] . Full MS events were followed by
33 MS/MS windows (LCC cohort) or 58 MS/MS
windows (Columbia cohort) per cycle in the
range of m/z 300-1_650 at a resolution of 15000
at m'z 200. For the LCC cohort, higher-energy
collisional dissociation MS/MS scans were
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acquired with a stepped normalized collision
energy of 25/27.5/30 and 10ns were accumulated
to reach an AGC target value of 3eb or for a
maximum of 30 ms. For the Columbia cohort,
higher-energy collisional dissociation MS/MS
scans were acquired with a normalized collision
energy of 27 and ions were accumulated to reach
an AGC target value of 3ed or for a maximum of
22 ms.

All fractionated samples including EV fractions
were acquired with a fopl2? data-dependent
acquisition (DDA) scan mode. Full M5 scans
were acquired in the range of m/z 300-1,650 at a
resolution of 60,000 (Columbia cohort) or
120,000 {LCC cohort) at m/z 200. The automatic
gain control (AGC) target was set to 3ed. Higher-
energy collisional dissociation MS/MS scans
were acquired with a normalized collision energy
of 27 at a resolution of 15,000 at m/'z 200.
Precursor ions with charge states of 2-7 were
isolated in a 1.4 Th window and accumulated to
reach an AGC target value of led or for a
maximum of 60 ms. Precursors were dynamically
excluded for 20 s after the first fragmentation
event.

Mass specirometry data processing

The M5 data of the fractionated pools (DDA M5
data, 24 neat pool urine and 8§ EV fractions) and
the single shot subject samples (DIA MS data,
165 and 132 samples in Columbia and LCC,
respectively) were used to generate a DDA-
library and direct-DIA-library, respectivelv.
which were compufationally merged into two
cohort-specific hybrid libraries using Spectronaut
version 13.9.191106.43655 (Biognosvs AG). For
all experiments except the machine learning, the
two cohorts were quantified separately in
Spectronaut. A mininmm of 3 and a maximum of
10 fragments was required for each peptide in the
library. The hybrid spectral libraries were
subsequently used to search the MS data of the
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single shot patient samples in the Spectronaut
software. All searches were performed against
the human SwissProt reference proteome of
canonical and isoform sequences with 42.431
entries downloaded in July 2019 Searches used
carbamidomethvlation as fixed modification and
acetylation of the protein N-terminus and
oxidation of omethiomines as  vanable
modifications. Trypsin/’P proteolytic cleavage
rule was used, permitting a maxinmm of 2 missed
cleavages and a minimum peptide length of 7
amino acids. The Q-value cutoffs for both library
generation and DIA analyses were set to 0.01. For
generation of the global correlation map, the
individual protein correlations with clinical
parameters, and the machine learning, the Q-
value data filtering setting in Spectronaut was set
to “Qwvalue’ to use every peptide passing the Q)-
value threshold for the protein group
quantification. For all other analyses, the sefting
was set fo "Qvalue percentile’ with a cutoff of
25%, to use only those peptides for the protein
quantification that passed the }-value threshold
in at least 25% of all analyzed samples. The
‘Quvalue percentile’ setting resulis in a complete
data matrix with no missing values, as the noise
iz quantified and reported if the peptide did not
pass the Qwvalue threshold.

Bioinformatics data analvsis

The Persens software package versions 1.6.0.7
and 1.6.1.3 and GraphPad Prism version 7.03
were used for the data analysis [88]. Profein
intensities were log2-transformed for further
analysis apart from correlation and coefficient of
variation analysis. Coefficients of varation
(CWs) were calculated in Perseus for all infer-
plate and intra-plate combinations of samples, the
median  wvalues were reported as  overall
coefficient of variation. The protein CVs of the
main study were calculated likewise within
cohorts individually. The protein abundance
levels were cross-correlated to generate a matrix
of correlation Unsupervised

coefficients.
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hierarchical clustering was performed using
Perseus and proteins were clustered based on
Pearzon correlation scores. For generation of the
abundance curves, median profein abundances
across all samples within a proteome were used.
ANCOVA analysis was performed in pyvthon
(version 3.7.6) using the pandas (version 1.0.1),
numpy (version 1.18.1) and pingouin (version
0.3 4) packages. For the ANCOVA analysis, age
at sample collection, LRRK? status (only in PD+
vs. PD-), GBA status (only Columbia cohort
LEEE2+ wvs. LERE2-), and PD status (only
LERE2+ vs. LREE?-) were set as confounding
factors. The FDR was set to 5% after Benjamini-
Hochberg correction. GO annofations were
matched to the proteome data based on Uniprot
and Ensemble identifiers. Annotation term
enrichment was performed with Fisher exact test
in Persens separately for each cohort. Annotation
terms were filtered for terms with an FDR of 5%
after Benjamini-Hochberg correction in each
cohort. Calculation of Pearson correlation scores
and associated p-values of protein intensities to
UPDES-III and MoCA scores was performed in
Perseus.

Machine learning

Data processing and machine learning was
performed in Python (Version 3.7.3). Missing
values were not imputed and protein intensities
were normalized wusing the ScandardScaler
method from the scikit-learn package (0.21.3).
The XGBoost package (Version 0.90) was used
to classify the samples and results were plotted
using the bokeh library (2.1.1). Features were
selected using a decision free. Samples from both
Columbia and LCC cohorts were used for the
model and cross-validated using four stratified
training/test splits and 15 repeats were applied.
To assess sensitivity and specificity of the model,
the results of the test sets were summed and
averaged from 15 repeats.
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