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Abstract

Abstract

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

understand their regulation in the context of health and disease.

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

focus on protein ubiquitination and phosphorylation.

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

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

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

ubiquitin chain linkages.

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

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

manufacturing of high-performance columns.

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

1 Introduction

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

Life comes in many forms and shapes and every organism has its own building plan -
the genome. Although this blueprint of life is shared throughout all cells of an organism,
individual cells can display an astonishing heterogeneity. Johannsen first coined the
terms ‘genotype’ and ‘phenotype’ in 1909 to distinguish between the genetic material
and the observable traits of an organism [1]. Since then, tremendous efforts have been
made to elucidate the intricate relationship between genotype and phenotype. With their
seminal work on genetic mutations in Neurospora crassa, Beadle and Tatum introduced
the ‘one-gene — one protein’ hypothesis in 1941 [2], implying that a single gene affects
a single step in a metabolic pathway. Shortly after, Avery described deoxyribonucleic
acid (DNA) as the container of the genetic information [3] and Watson and Crick solved
the structure of DNA [4]. Discoveries such as alternative splicing [5] soon indicated that
the ‘one-gene — one protein’ concept is oversimplified. In 2003, upon sequencing of the
complete human genome, the International Human Genome Sequencing Consortium
reported the existence of 20,000 genes [6], which was strikingly less than the initially
anticipated 80,000-100,000 genes [7]. However, the seemingly low number of genes
give rise to >150,000 protein coding transcripts [8], highlighting a greater variability on
transcriptome and proteome than on genome level (Figure 1). In contrast to the genome,
the transcriptome and the proteome are both dynamically changing in response to

external or internal stimuli.

1.1.2 Proteome dynamics

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

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

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

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

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

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

standard for unbiased, system wide proteome analysis today.

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

also present on the same or on different molecules.

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

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

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

1.2.1 Sample preparation

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

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

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

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

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

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

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

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

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

isolation of peptide species in the retention time domain.

1.2.2 Liquid chromatography — mass spectrometry (LC-MS)

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

experiments.

1.2.2.1 Ligquid chromatography

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

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

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

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

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

chromatographic performance across labs.

1.2.2.2 The mass spectrometer

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

The final part of a mass spectrometer is the detector, which is typically a variant of an
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electron multiplier that amplifies the low signal originating from only few analyte ions or

a detector that records an induced charge by oscillating ions in e.g. an Orbitrap.
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Figure 4 Components of a mass spectrometer.

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

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

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

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

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

proteomics.

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

the resolving power for individual peptide analytes.

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

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

transformation into a mass spectrum.
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Figure 6 Mass analyzer

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

1.2.2.3 Tandem mass spectrometry

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

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

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

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

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

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

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

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

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

samples, which may impede accurate quantitative comparisons.

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

prerecorded spectral library, which is used to match peptide fragments in the actual DIA
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measurement [68]. This library contains “peptide query parameters” (PQP) which
include information about peptide sequence(s) for a given protein, peptide charge state
distribution, fragment ions, fragmentation patterns and peptide retention times. This
‘peptide centric’ approach is often defined as a targeted analysis method. In recent years
however, library-free DIA, which obtains all essential information from the acquired DIA
measurements themselves [69] has become increasingly popular and can be regarded

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

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

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

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

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

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

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

centric and spectrum-centric ones.

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

spectrum-centric strategies [69].

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

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

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

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

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

After search engines have confidently identified peptides, the correct set of proteins from
which these peptides originate needs to be identified. Because of sequence similarities
between proteins, e.g. isoforms, a clear one-to-one assignment of peptides to proteins
is often not possible. The deduction of proteins from a complex peptide mixture
containing peptides that can be explicitly assigned to one protein and those that cannot
are collected into ‘protein groups’. A prominent method addressing this problem is the
parsimony principle, a version of the Occam’s razor constraint that reports a minimal list

of proteins explaining all peptide identifications [83].

1.2.4 Protein quantification

The confident identification of proteins is essential to uncover the qualitative proteome
composition, but to gain a deeper understanding of molecular processes, changes in
protein abundance need to be quantitatively evaluated. Protein quantification strategies
can be classified into ‘absolute’ and ‘relative’ quantification methods. Relative
guantification methods evaluate the difference between proteomes of different states,
whereas absolute quantification aims to quantify the expression level or concentration
of each protein species in a given sample. Absolute quantification usually relies on the
spike-in of heavy labeled, synthetic proteins or peptides for quantification and is
significantly more complex than relative quantification. Another classification of
quantification strategies differentiates between ‘label-free’ and ‘label-based’ methods
(Figure 10).

Label-free quantification (LFQ) is a straightforward relative quantification strategy that
does not require any additional sample preparation steps. The easiest form of LFQ is

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

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

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

or computational approaches to filter for precursor isolation purity [92, 93]. Chemical
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labeling strategies that rely on the quantification of low m/z reporter ions are typically
only possible with DDA strategies. Here, only individual precursor ions are selected for
fragmentation and resulting reporter ions can easily be assigned to the precursor ions.
This is not possible for DIA, since multiple precursor ions are simultaneously selected
for fragmentation and reporter ion signals cannot be assigned to their respective
precursors. EASI-tag is a chemical labeling strategy compatible with DIA, where labeled

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

Metabolic labeling strategies, in contrast to chemical labeling, rely on the metabolic
incorporation of stable ‘heavy’ isotopes (e.g. exchange of N4 for N*°), which allows early
stage sample multiplexing. Similar to chemical labeling strategies, many metabolic
labeling methods have been developed of which stable isotope labeling by amino acids
in cell culture (SILAC) is the most popular [70, 95]. In SILAC ‘light’ amino acids (typically
leucine, lysine or arginine) are replaced with their ‘heavy’ counterparts in a culture
medium. Labeled lysine and arginine are commonly employed for standard bottom-up
proteomic experiments using trypsin for digestion. While heavy labeled peptides, except
for deuterium labeled peptides, have the same chromatographic behavior as light
peptides, they can readily be distinguished by their mass-to-charge ratio at the MS1
level. A drawback of such quantification strategies is the increase in MS1 complexity,
which usually results in a decrease of protein identification. Furthermore, these
techniques are often limited to cell culture models, since the labeling of whole
organisms, although possible, is time consuming and expensive. Super SILAC is an
alternative approach to the labeling of whole organisms [96]. Here, a mixture of heavy
labeled cells from different cell lines is spiked into unlabeled samples and used as a
reference standard to enable relative quantification of multiple unlabeled samples
against each other. The spike-in of just a few labeled proteins and peptides is a
frequently used technigue to determine absolute quantities of unlabeled proteins and
peptides in a sample, respectively. The Protein Standard Absolute Quantification
(PSAQ) strategy, for instance, uses heavy labeled full-length proteins of known
concentration as spike-in to quantify a protein of interest [97]. Similarly, heavy synthetic
peptides (AQUA peptides) can be used for absolute quantification on peptide level [98].
Although these spike-in methods in principle allow the absolute quantification of target

proteins, they are limited to the analysis of only few proteins or peptides.

21



Introduction

Metabolic labeling Chermical labeling Spiked standards Label free

o l] D [| [l l] [| '] E
B ; i P

: i ; : 1 : H H

e B T | e T v

Pratein - '
fEhE e l i e By

i 2 =

! i 1 i 1

i : H i H

1 i i H H

_____ R

1 el

Pepies ﬁ N
Bl g2l

1 i

' ]

S SU

MS data EI [
Data analysis .

Figure 10 Common quantification strategies in proteomic experiments

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

22



Introduction

1.3 Post-translational modifications

The vast set of PTMs allows for a fine-tuned and dynamic adaption of the proteome to
a changing environment. PTMs are involved in a plethora of cellular processes and
dysregulation of these can have detrimental effects on biological systems.
Understanding the intricate regulations and biological implications of PTMs is a
challenging task and requires sophisticated experimental procedures. Mass
spectrometry has proven to be a key technique for the study of PTMs and especially
bottom-up strategies are irreplaceable for the system-wide analysis of PTM landscapes.
However, the analysis of PTMs using bottom-up proteomics faces several challenges.
Due to the notoriously low abundances of PTMs, additional enrichment strategies are
required for their detection via mass spectrometry. In fact, efficient and robust
enrichment strategies are a crucial aspect to elucidate the full extent of a modification.
The impact of an appropriate enrichment strategy is obvious when looking at the
tremendous gain of analytical depth brought by the development of a modification
specific antibody for ubiquitinome analysis (see 'MS-based ubiquitinome analysis’).
Furthermore, quantification of PTMs often only relies on the robust identification of a
single modified peptide, whereas for protein identification and quantification multiple
peptides can be used. Especially DDA methods with semi-stochastic precursor picking
are prone to missing values across samples. To improve the reproducibility of peptide
identification DDA strategies are often combined with metabolic or chemical labeling
strategies. Additionally, in contrast to the mere identification of a peptide, the confident
localization of a modification typically requires a higher peptide sequence coverage by
fragment ions.

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

identification of thousands of modification sites.

1.3.1 Ubiquitin — opening Pandora’s Box

Ubiquitin was first described by Goldstein and colleagues in 1975 as “a universal
constituent of living cells” [100]. In fact, the sequence of ubiquitin genes implied a
strongly constrained evolution and the short 76 amino acid long protein sequence with
72 conserved amino acids between yeast, animals and plants is nearly identical [101-
103]. Soon after the first reports of free ubiquitin, ubiquitin was also found to be

covalently conjugated to other proteins [104, 105], which was subsequently proposed to
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be a signal for downstream proteases [106]. Between 1981 and 1983 Hershko,
Ciechanover and Rose described a multistep process for the tagging of ubiquitin to
proteins featuring E1, E2 and E3 enzymes — the ubiquitin system [107-109]. This work
was awarded with the Nobel Prize in 2004. In the following years, the proteasome was
identified to be the ATP-dependent protease responsible for ubiquitin-dependent protein
degradation [110, 111].

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

1.3.1.1 The ubiquitin system

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

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

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

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

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

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

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

It is well established that specific chain topologies and modifications confer specific
functionalities. Homotypic K48-linked ubiquitin chains, for instance, mark proteins for
proteasomal degradation [124] and phosphorylation of Ser65 on ubiquitin plays an
essential role in mitophagy [125]. However, the informational content encrypted in the
different chain formations — the ubiquitin code — is far from being fully understood.
Unraveling of the ubiquitin code will help us to better understand the physiological
implications of ubiquitination in health and disease. Therefore, many tools have been
developed to study ubiquitination events. Among those, MS has had the most profound
impact in deciphering the ubiquitin code [123].
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Figure 12 The ubiquitin code

A non-comprehensive representation of possible ubiquitin modifications, including ubiquitin-like and other
chemical modifications. Adapted from [123]

1.3.1.3 MS-based ubiquitinome analysis

Since the discovery of ubiquitin and the first ubiquitinated protein, it soon became clear
that protein ubiquitination is not an isolated phenomenon. The detection of ubiquitination
events, however, is a challenging task and requires sophisticated analysis strategies. In
general, ubiquitin modifications are of low abundance and require elegant enrichment
strategies. Due to the dynamic and highly variable nature of ubiquitination events,
allowing the formation of various chain topologies (see ‘The ubiquitin code’), enrichment
strategies have to be carefully chosen to address different aspects of ubiquitin signaling.
In this regard, MS in combination with various biochemical methods has become an

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

A central goal in the study of the ubiquitin system is the system-wide identification of
ubiquitinated proteins, the ubiquitinome. Typically, bottom-up proteomic approaches are
used for the analysis of the ubiquitinome. Here, the presence of a ubiquitin modification
is indirectly observed through the detection of a characteristic diglycine (diGly) remnant

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

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

terminal ubiquitination [143].

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

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

spectrometry.

System-wide ubiquitinome studies are frequently coupled with labeling approaches for
guantification to reduce the impact of missing values across samples in DDA. In this
regard, SILAC has often been favored, because the special enrichment procedure for
diGly peptide enrichment complicates TMT labeling. Since the TMT reagent also labels
the N-terminal amine of the DiGly remnant, the antibody-binding site for the diGly
peptide enrichment will be obscured. Thus, workflows incorporating TMT labeling for
guantification perform the labeling step after peptide enrichment, accepting more
enrichment variation. To side-step the above issues, we developed a novel analysis
strategy for system-wide ubiquitinome analysis using a DIA strategy (see ‘Publications’).
Amongst other benefits, DIA does not require labeling for consistent identifications
across multiple samples, while providing excellent quantitative accuracy. Finally, there
are also methods for the absolute quantification of the ubiquitin pool such as Ub-PSAQ
[154].

1.3.2 Phosphorylation

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

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

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

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

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

13.2.1 MS-based phosphoproteome analysis

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

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

phosphorylation system.

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

more stable linkage type compared to non-canonical phosphorylation.

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

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

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

phosphorylation sites [57, 171].

Similar to diGly peptide quantification, several challenges need to be addressed for the
confident quantification of phosphopeptides (see “MS-based ubiquitinome analysis”). As
for other PTMs the quantification across multiple samples often relies on the
identification of single peptides. Therefore, metabolic or chemical labeling strategies,
such as SILAC or TMT greatly help to reduce missing values in DDA experiments.
Recently, the use of DIA for phosphoproteome analysis was demonstrated to achieve

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

1.3.2.2 Phosphorylation in mitochondria

The occurrence of mitochondria is closely linked to a major event eukaryotic life. There
are different versions of the endosymbiotic theory that try to explain the emergence of
the small double membrane bound organelle [173]. Beyond any doubt, mitochondria are
integral components of many pivotal cellular processes. Although they are best known
for their function as “powerhouse” of the cell in bioenergetics pathways, they also have
important functions in biosynthetic pathways, apoptosis and signaling [174].
Dysregulation of mitochondrial function can lead to a wide variety of mitochondrial
diseases. Strikingly, many of these display tissue specificity, suggesting that the function
or importance of mitochondria differ in a cell type or tissue specific context [175]. It is
known that the abundance of mitochondria differs between cell types and early MS-
based proteomics experiments showed that the mitochondrial make-up varies
depending on the cellular context [176-178]. It is unlikely that these variances solely
account for functional plasticity of mitochondria and there is mounting evidence that

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

proteome as well as its associated PTMs.

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

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

(submitted manuscript).
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2 Aims of this thesis

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Results

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

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

Source data are provided as a Source data file.

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

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

4

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

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

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

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

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

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

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

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

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

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

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

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

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

Discussion

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

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

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

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

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

Our data reveal wide-spread rhythms of ubiquitination in
membrane proteins, transporters, and receptors, all regulating
major cellular processes such as cell volume, ion balance, and
osmotic homeostasis. Intriguingly, often these cycling ubiquiti-
nation sites on membrane proteins are not randomly distributed
over the protein sequence but rather cluster in certain regions
such as the N- and C-terminus. Circadian rhythms in Mg?* and
K* cellular levels and their transport have been reported in a
range of eukaryotic cell types suggesting an evolutionary con-
servation of this mechanism. Moreover, K transport is a key
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mechanism driving electrical excitability oscillations in the
mammalian master clock and Drosophila neurons’®’! and in
turn, plasma membrane potential feeds back to the cellular
clock’%73, Despite their fundamental cellular role, little is known
about the regulatory mechanisms controlling rhythms of ion
levels and size in cells’47>. Our system-level data suggest that
ubiquitination plays a major role in the rhythmic transport of
ions and other compounds in the cell by temporally modulating
the activity of membrane transporters. Such a mechanism would,
for instance, explain the observation that red blood cells lose their
daily electrophysiological rhythm after proteasome treatment’4.
We speculate that ubiquitin-dependent temporal regulation
of transporter function for various substrates (e.g., sodium/
phosphate/chloride—SLC20A1/SLC20A2, monocarboxylates—
SLC16A1, sodium/potassium—ATP1A1, various amino acids—
SLC3A2, SLC7A5, SLC7A11, and organic anions—ABCC3) and
other receptors (e.g., TGFBR2 or PLXNB2) may serve as

CATIONS | (2021)12:254 | https://doi.org/10.1038/s41467-020-20509-1 | www.nature.com/naturecommunications 9

45



Publications

ARTICLE

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-20509-1

temporal cellular switches to sense and respond to daily changes
in nutrient availability. Interestingly, in our recent phospho-
proteomics study of the synaptic compartment, we observed that
many of the ubiquitination-related proteins had rhythmic
phosphorylation sites’®. This suggests an interplay between
post-translational modifications that together could fine-tune
daily cycles of membrane-mediated processes essential for
proper cellular and tissue metabolism. Given the central role of
transporters in chronopharmacology’’-7%, ubiquitin-dependent
dynamic regulation of specific membrane transporters is an
important functional aspect to consider for drug administration
and patient health, both key goals of chronotherapy. The
data of our rhythmic ubiquitinome analysis is accessible at
http://cyclingubi.biochem.mpg.de, opening up new avenues for
mechanistic investigations.

Methods

Cell culture, treatment, harvest, and lysis. HEK293 (human, DMSZ, ACC 635)
and U20S (human, American Type Culture Collection [ATCC], HTB-96) cells
were cultivated in DMEM (Gibco, Invitrogen) supplemented with 10% fetal bovine
serum (Gibco, Invitrogen), 100 U/ml penicillin (Gibco, Invitrogen), and 100 pg/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), centrifuged, snap-frozen in liquid nitrogen, and stored at —80 °C until
lysis. Frozen cell pellets were lysed by adding lysis buffer (1% SDC in 100 mM Tris/
HCI, pH 8.5) directly onto frozen cell pellets, followed by repeated aspiration and
boiling for 5 min at 95 °C.

For proteasome inhibition, HEK293 or U20S cells were treated with 10 uM
MG132 (InvivoGen) at ~80% confluence for 4 h and successively harvested. For
circadian cycle experiments, cells were synchronized, when they reached at least
90% confluence, with dexamethasone (1 M) for 1h. Following this, U20S were
washed once with PBS and the medium was replaced. The first time point was
collected after 24 h of synchronization continuing the collection every 4 h across
32 h for each of the 4 biological replicates. Collected cells were stored and lysed as
described. For TNF stimulation of U20S cells, confluent cultures were either
stimulated with 100 ng/ml TNF for 10 min or left unstimulated. Cells were washed
3x with ice-cold PBS, directly lysed with lysis buffer, and boiled for 5 min at 95°C.

Western blot analysis. To validate TNF-signaling induction U20S cells were
plated in 6-well plates and when confluent stimulated for 5, 10, 15, 30, and 60 min
with 100 ng/ml TNF or left untreated. After stimulation, cells were washed in PBS
and lysed in 4% SDS in 100 mM Tris/HCI, pH 8. Lysates were boiled, sonicated,
and protein concentrations were estimated using BCA. SDS sample loading buffer
(450 mM Tris-HC, pH 8, 60% (v/v) glycerol, 12% (w/v) SDS, 0.02% (w/v) bro-
mophenol blue, 600 mM DTT) was added to lysates before separation on 12%
Novex Tris-glycine gels (Thermo Fisher Scientific, XP00120BOX). Separated pro-
teins were transferred onto PVDF membranes (Merck Millipore, IPVH00010).
Membranes were blocked in 5% BSA in PBST and antibodies diluted in 2% BSA
in PBST.

For validating increased RIPK1 and TRAF2 ubiquitination upon TNF treatment
U20S cells were either left untreated or stimulated with TNF (100 ng/ml) for 10
min, washed in PBS, and lysed in 1 ml DISC buffer (150 mM NaCl, 30 mM Tris pH
7.5, 10% glycerol, 1% Triton X-100) with protease inhibitors (Roche) and 10 mM
n-ethyl-maleimide (NEM). Samples were clarified by centrifugation at 16,000 x g
for 15 min, equalized to 1 mg of protein, and added directly to 20 ul packed
glutathione sepharose beads pre-bound with 100 pg GST-UBA (Ubiquillin-UBA
x1)!3. Beads were incubated on a rotating wheel at 4 °C overnight, washed five
times with DISC buffer, and eluted with 2x SDS sample buffer. Proteins were
separated on a 10% Novex Tris-glycine gel (Thermo Fisher Scientific,
XP00105BOX) and transferred onto a nitrocellulose membrane (GE Healthcare
Lifescience, 10600002).

Antibodies (diluted 1:1000) used for immunoblotting were as follows: anti-
phospho p65 (CST, 3033 P), anti-p65 (CST, 4764 P), anti-IkBa (CST, 9242), anti-
phospho p38 (CST, 9215), anti-p38 (CST, 9212), anti--actin (CST, 4970) for TNF-
signaling validation and anti-RIP (BD Bioscience, 610458), anti-TRAF2 (CST,
4712), and anti-B-actin (Santa Cruz, sc-47778) for validation of increased RIPK1
and TRAF2 ubiquitination.

RNA isolation and QPCR. RNA was isolated from three biological replicates of
each U208 time point according to manufacture instruction using the RNeasy Plus
Mini Kit (QIAGEN, #74134). Isolated RNA was reversely transcribed by using
first-strand cDNA synthesis kit (Thermo Fisher Scientific, #K1612). QPCR was
performed at the C1000 Thermal Cycler (Bio-Rad) with iQ™ SYBR Green
Supermix (Bio-Rad, #170-8862) with primers for Bmall (froward: caggaaaaa-
taggccgaatg; reverse: gegatgaccctcttatectg), Perl (forward: ggacactectgegaccag;
reverse: gggagtgaggtggaagatctaa), and Gapdh (forward: agccacatcgetcagacac;
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reverse: geccaatacgaccaaatec). The in-build analysis tool of the CFX Manager
Software (Version 3.1, Bio-Rad) was used to determine the normalized expression
with the AACq method of Bmall and Perl compared to Gapdh in technical tri-
plicates for all three biological replicates of each time point. The technical tripli-
cates were further averaged and adjusted so that the highest value was set to 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 di ion and pepti Lysates were sonicated for 1 min
(Branson Sonifier) and protein concentrations were estimated by tryptophan assay.
After addition of CAA and TCEP to a final concentration of 10 and 40 mM,
respectively, samples were incubated for 5min at 45 °C for protein reduction and
alkylation. Thereafter, Samples were digested overnight at 37 °C using trypsin
(1:100 w/w, Sigma-Aldrich) and LysC (1/100 w/w, Wako).

For proteome analysis, sample aliquots (~15 pg) were desalted in SDB-RPS
StageTips (Empore). Briefly, samples were first diluted with 1% TFA in isopropanol
to a final volume of 200 pl. Thereafter, samples were loaded onto StageTips and
sequentially washed with 200 pl of 1% TFA in isopropanol and 200 ul 0.2% TFA/
2% ACN. Peptides were eluted with 60 pl of 1.25% ammonium hydroxide
(NH,OH)/80% ACN and dried using a SpeedVac centrifuge (Eppendorf,
Concentrator plus). Dried peptides were resuspended in buffer A* (2% ACN/0.1%
TFA) supplemented with iRT peptides (1/30 v/v) (iRT Standard, Biognosys).

For diGly peptide enrichment, samples were four-fold diluted with 1% TFA in
isopropanol and loaded onto SDB-RPS cartridges (Strata™-X-C, 30 mg/3 ml or
Strata™X-C, 200 mg/6 ml, Phenomenex Inc.). Before peptide loading, cartridges
were equilibrated with 8 bed volumes (BV) of 30% MeOH/1% TFA and washed
with 8 BV of 0.2% TFA. Samples were loaded by gravity flow and sequentially
washed twice with 8 BV 1% TFA in isopropanol and once with 8 BV 0.2% TFA/2%
ACN. Peptides were eluted twice with 4 BV 1.25% NH,OH/80% ACN and diluted
with ddH,O to a final ACN concentration of 35% ACN. Thereafter, samples were
snap-frozen in liquid nitrogen, lyophilized, and stored at 4 °C until diGly peptide
enrichment.

DiGly peptide enrichment. Lyophilized peptides were resuspended in immu-
noaffinity purification buffer (IAP) (50 mM MOPS, pH 7.2, 10 mM Na,HPO,, 50
mM NaCl) and sonicated for 2.5 min (Bioruptor plus, Diagenode). Peptide con-
centration was estimated by tryptophan assay. DiGly remnant containing peptides
were enriched using the PTMScan® Ubiquitin Remnant Motif (K-£-GG) Kit (Cell
Signaling Technology (CST)), which was kindly provided by CST. First, antibodies
were cross-linking to beads. Following Udeshi et al.22 1 vial of antibody coupled
beads were first washed 3 times with 1 ml cold cross-linking wash buffer (100 mM
sodium tetraborate decahydrate, pH 9.0), followed by 30 min incubation in 1 ml
cross-linking buffer (20 mM dimethylpimipimidate cross-linking wash buffer) for
30 min at room temperature and gentle agitation. The cross-linking reaction was
quenched by two consecutive washes with 1 ml cold quenching buffer (200 mM
ethanolamine, pH 8.0) and 2 h incubation in 1 ml quenching buffer at room
temperature under gentle agitation. After quenching cross-linked beads were
washed three times with 1 ml of cold IAP and used directly for diGly peptide
enrichment or stored in 1 ml 0.02% sodiumazide in phosphate-buffered saline, pH
7.4. Unless otherwise stated, 1/8 of a vial of cross-linked antibody beads and 1 mg
of peptide material were used for diGly peptide enrichments. For this, peptides
were added to cross-linked antibody beads and the volume was adjusted to 1 ml
with IAP buffer. After 1h of incubation at 4 °C and gentle agitation, beads were
washed twice with cold IAP and five times with cold ddH,O. For this, beads were
transferred into GF-filter StageTips and for each wash step, the according wash
solution was added and passed through by centrifugal force. Thereafter, GF-
StageTips were stacked onto SDB-RPS StageTips and peptides were directly eluted
into SDB-RPS StageTips. For this, 50 pl 0.15% TFA were added twice onto the
beads and passed through by centrifugation for 5 min at 100 x g. Thereafter, 100 pl
of 0.2% TFA was added on top of peptide eluates, followed by sample loading onto
the stationary material of SDB-RPS StageTips. Peptides were washed, eluted, and
dried as described for proteomes samples, with the difference, that 0.2% TFA was
used for the first wash step. Dried peptides were resuspended in 9 pl buffer A%,
supplemented with iRT peptides (1/30 v/v) for LC/MS-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-nLC 1000 (Thermo Fisher Scientific, Germany),
respectively.

For diGly peptide separation, lyophilized samples were resuspended in Buffer A
(5 mM NH4HCO,/2% ACN) and 5 mg peptide material (5 mg/ml) was loaded onto
a reversed-phase column (ZORBAX 300Extend-C18, Agilent). Peptides were
separated 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 (5mM
NH4HCO,/90% ACN). An elution gradient at 0% B stepwise increased 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-nLC 1000 system, ~55 pg peptide
material were loaded onto a 30 cm in-house packed, reversed-phase columns (250-
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um inner diameter, ReproSil-Pur C18-AQ 1.9 pm resin [Dr. Maisch GmbH]).
Peptides were separated at a flow rate of 2 ul/min using a binary buffer system of
buffer A (PreOmics) and buffer B (PreOmics). An elution gradient at 3% B
stepwise increased to 30% in 45 min, 60% in 17 min, and 95% in 5 min was used.
Eluting peptides were concatenated into 24 fractions by switching the rotor valve of
an automated concatenation system (Spider fractionator, PreOmics)®® in 90's
intervals.

Library sample preparation. For individual deep diGly libraries, 2 x 5 mg of
peptide was fractionated by bRP fractionation. For K48-peptide containing fraction
identification, 100 yl aliquots of fractions 46 to 54 were dried in a SpeedVac,
resuspended in A*, and measured on an LTQ Orbitrap XL mass spectrometer.
K48-peptide containing fractions of both plates were pooled in sample pool “K48”
(Supplementary Fig. 1a). Remaining fractions of both pates were concatenated into
P1-P8 (Supplementary Fig. 1a), snap-frozen, and lyophilized. Lyophilized peptides
were resuspended in 1 ml IAP buffer and diGly peptides were enriched as described
above. In case of HEK293 library generation, an optional second supernatant IP
was conducted. For this, 500 pl of previous diGly peptide enrichment supernatants
were pooled as indicated (Supplementary Fig. la) and used for sequential diGly
peptide enrichment.

For the proteome library, aliquots of U20S samples for proteome cycling
analysis were used. Approximately 3 pg peptide material of individual time points
of two biological replicates, after SDB-RPS cleanup, were pooled and fractionate via
bRP fractionation as described above. Fractionated samples were dried using a
SpeedVac and resuspended in A* suppl d with iRT peptides (1/30 v/v) for
LC-MS/MS measurement and spectral library generation.

Nanoflow LC-MS/MS proteome measurements. Peptides were loaded onto a 50
cm, in-house packed, reversed-phase columns (75 um inner diameter, ReproSil-Pur
C18-AQ 1.9 um resin [Dr. Maisch GmbH]). The column temperature was con-
trolled at 60 °C using a homemade column oven and binary buffer system, con-
sisting 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-nLC 1200 system (Thermo
Fisher Scientific), directly coupled online with the mass spectrometer (Q Exactive
HF-X, Thermo Fisher Scientific) via a nano-electrospray source, was employed for
nanoflow liquid chromatography, at a flow rate of 300 nl/min. For individual
measurements, 500 ng of peptide material was loaded and eluted with a gradient
starting at 5% buffer B and stepwise increased to 30% in 95 min, 60% in 5 min, and
95% in 5 min.

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

For DDA experiments, the Thermo Xcalibur (4.0.27.19) and LTQ Tune plus
(2.5.5 SP2) software were used for Q Exactive HF-X and LTQ Orbitrap XL
instruments, respectively. The Q Exactive HF-X was operated in Top12 mode with
a full scan range of 300-1650 m/z at a resolution of 60,000. The automatic gain
control (AGC) was set to 3e6 at a maximum injection time of 20 s. Precursor ion
selection width was kept at 1.4 m/z and fragmentation was achieved by higher-
energy collisional dissociation (HCD) (NCE 27%). Fragment ion scans were
recorded at a resolution of 15,000, an AGC of le5 and a maximum fill time of 60
ms. Dynamic exclusion was enabled and set to 20s. The LTQ Orbitrap XL was
operated in Topl0 mode with a full scan range of 300-1700 m/z at a resolution of
60,000. Precursor ion selection width was kept at 2.0 m/z and fragmentation was
achieved by collision-induced dissociation (CID) (NCE 35%).

For DIA analysis, the MaxQuant Live software suite was utilized for data
acquisition®!. The full scan range was set to 300-1650 m/z at a resolution of
120,000. The AGC was set to 3e6 at a maximum injection time of 60 ms. HCD
(NCD 27%) was used for precursor fragmentation and fragment ions were
analyzed in 33 DIA windows at a resolution of 30,000, while the AGC was kept
at 3e6.

Nanoflow LC-MS/MS diGly measurements. DiGly peptide enriched samples
were measured on a Q Exactive HF-X using the same instrumental setup as for
proteome analysis. For diGly single-run measurements one quarter (2 pl) and for
diGly library preparation one-half (4 pl) of enriched samples were loaded for LC-
MS/MS analysis, unless stated otherwise. Loaded peptides were eluted using a
gradient starting at 3% buffer B and stepwise increased to 7% in 6 min, 20% in 49
min, 36% in 39 min, 45% in 10 min, and 95% in 4 min.

For DDA analysis, the MS was operated in Top12 mode with a full scan range
of 300-1350 m/z at a resolution of 60,000. AGC was set to 3e6 at a maximum
injection time of 20 s. Precursor ion selection width was kept at 1.4 m/z and
fragmentation was achieved by HCD (NCE 28%). Fragment ion scans were
recorded at a resolution of 30,000, an AGC of 1e5 and a maximum fill time of 110
ms. Dynamic exclusion was enabled and set to 30s.

For DIA analysis, the MaxQuant Live software suite was employed for data
acquisition®!. The full scan range was set to 3001350 m/z at a resolution of
120,000. The AGC was set to 3e6 at a maximum injection time of 60 ms. HCD
(NCD 28%) was used for precursor fragmentation and resulting fragment ions
were analyzed in 46 DIA windows at a resolution of 30,000 (unless otherwise

stated) and an AGC of 3e6. DIA window distribution parameters PdfMu and
PdfSigma were set to 6.161865 and 0.348444, respectively, unless stated otherwise
(Supplementary Data 6).

Raw data analysis. DDA raw data used for K48-peptide fraction identification and
DIA and DDA comparisons were analyzed with MaxQuant (1.6.2.10) using default
settings and enabled match between runs (MBR) functionality. Carbamidomethyl
(C) was defined as fixed modification and Oxidation (M), Acetyl (Protein N-term),
and DiGly (K) were set as variable modifications.

DDA raw data, used for spectral library construction, were processed with
Spectronauts build in search engine pulsar (13.12.200217.43655)%%. Default settings
were used for proteome spectral libraries. For diGly spectral libraries, the “Best N
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)25.
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 set to 0. For dilution experiments, “XIC RT extraction window” was
set to “static” with a window width of 10 min. Direct DIA searches used the same
settings as described above.

Bioinformatics analysis. Data analysis was primarily performed in the Perseus
software suite (1.6.7.0). For diGly site analysis, Spectronaut normal report output
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. Data sets of both acquisition strategies,
DIA and DDA, were filtered to contain >50% valid values in at least one experi-
mental condition. Missing values were imputed based on a G normal dis-
tribution with a width of 0.3 and a downshift of 1.8. Student ¢-test statistics (FDR
cutoff 1% or 5%; s0 = 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 (http://pantherdb.org/)
and in perseus, respectively, with Benjamini Hochberg FDR correction enabled and
set to a 5% cutoff. Network representation of upregulated diGly sites was per-
formed with the STRING app (1.5.1) in Cytoscape (3.7.2). The power analysis was
performed in R (3.6.2), using the ‘pwr’8? and ‘effectsize’™®* packages. The Cohen’s
distance was calculated based on a fixed power of 80%, a sample size of 6 per
condition and a desired significance threshold of 1%. The test was set to a “two.
sample” and “two.sided” t-test. A fold-change threshold was subsequently esti-
mated by multiplying Cohens’s distance with the pooled standard deviation
separately for each peptide. We only considered sites without missing values for
this analysis.

For the cycling analysis of diGly sites, data were 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 biological quadruplicates were
subtracted from normalized diGly sites. Missing values of protein data for
subtraction were imputed based on a Gaussian 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 h3253, A g-value cutoff of <0.1 and <0.33 was used to define cycling DiGly sites
and proteins, respectively.

Website tool. For profile plots individual z-scores for each protein abundance
normalized diGly site and the median z-score and standard error of means (SEM)
were subsequently determined for each time point. The resulting median z-scores
and SEM values were multiplied with the cycling amplitude of each diGly site
(Perseus periodicity analysis output). For sequence visualization and protein
domain annotation each diGly site location was mapped to the first UniProt ID of
its assigned protein group and was visualized based on its respective protein
sequence stored in the fasta file that was used for MS/MS data analysis (human
fasta, downloaded 2015). The protein sequences for visualization were obtained
using the ‘fasta’ functions from pyteomics*%3. Information about protein domains
was obtained from UniProt (https://www.uniprot.org/, accessed 25.05.2020),
including the following categories: “Topological domain’, ‘Motif’, ‘Region’, ‘Repeat’,
‘Zink finger’, and ‘Domain [FT]".

To evaluate whether multiple observed cycling diGly sites are located in a
specific region on the protein, we performed a proximity analysis. Three different
metrics were evaluated: (1) the average distance (In amino acids) between all
observed 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 observed distance metrics were compared to the distances
expected from a random distribution of the diGly sites of a protein 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 observed cycling diGly sites. For the main analysis, diGly
sites with a g-value < 0.1 were considered as cycling diGly sites.
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The Covid pandemic inflicted by the emergence of SARS-CoV-2 took the world by
surprise and caused a tremendous research effort to elucidate the underlying principles
of SARS-CoV-2 infections to find means for Covid treatment. MS-based proteomics was
a core tool for such investigations among many other techniques. Multiple groups, led
by Prof. Andreas Pichlmair, set out to reveal host perturbations by SARS-CoV-2
infections by multilevel proteomics and transcriptomics. The resulting study describes
protein interactomes of infected cells and their influence on the transcriptome,
phosphoproteome and ubiquitinome. Furthermore, host signaling differences between
SARS-CoV-2 and SARS-CoV infection identified inhibitors of kinases and matrix
metalloproteases as potential drugs for Covid treatment.

In this study we provided our expertise in PTM analysis. Especially my work on DIA-
based ubiquitinome analysis helped to establish tailor-made DIA analysis strategies for
this sample type. We expeditiously used the newly released FAIMS (High-Field
Asymmetric Waveform lon Mobility Spectrometry) device to develop an ion-mobility-
based approach for spectral library construction that allowed us to record spectral

libraries with low sample amount requirements.
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Theemergenceand gl

obal spread of SARS-CoV-2 hasresulted in the urgent need for

anin-depthunderstanding of molecular functions of viral proteins and their
interactions with the host proteome. Several individual omics studies have extended
our knowledge of COVID-19 pathophysiology' . Integration of such datasets to
obtainaholistic view of virus-host interactions and to define the pathogenic
properties of SARS-CoV-2is limited by the heterogeneity of the experimental systems.
Here we reporta concurrent multi-omics study of SARS-CoV-2 and SARS-CoV.

Using state-of-the-art

proteomics, we profiled the interactomes of both viruses,

aswellastheirinfluence on the transcriptome, proteome, ubiquitinome and

phosphoproteome of

alung-derived human cell line. Projecting these data onto the

global network of cellular interactions revealed crosstalk between the perturbations
taking place uponinfection with SARS-CoV-2 and SARS-CoV at different levels and
enabled identification of distinct and common molecular mechanisms of these

closelyrelated corona
fibrosis, was specifical

viruses. The TGF-$ pathway, known for its involvement in tissue
ly dysregulated by SARS-CoV-2 ORF8 and autophagy was

specifically dysregulated by SARS-CoV-2 ORF3. The extensive dataset (available at

https://covinet.innate
existingdrugs and ma

lab.org) highlights many hotspots that could be targeted by
y be used to guide rational design of virus- and host-directed

therapies, which we exemplify by identifying inhibitors of kinases and matrix
metalloproteases with potent antiviral effects against SARS-CoV-2.

Toidentify protein-proteininteractions of SARS-CoV-2 and SARS-CoV
and cellular proteins, we transduced A549 lung carcinoma cells with
lentiviruses expressing individual haemagglutinin-tagged viral proteins
(Fig.1a, Extended DataFig.1a, Supplementary Table1). Statistical mod-
elling of quantitative data from affinity purification followed by mass
spectrometry (AP-MS) analysisidentified 1,801interactions between
1,086 cellular proteins and 24 SARS-CoV-2 and 27 SARS-CoV bait pro-
teins (Fig. 1b, Extended DataFig. 1b, Supplementary Table 2), substan-
tiallyincreasing the number of reported interactions of SARS-CoV-2and
SARS-CoV'*5¢1°1 (Sypplementary Table 10). The resulting virus-host
interaction network revealed a wide range of cellular activities inter-
cepted by SARS-CoV-2 and SARS-CoV (Fig. 1b, Extended Data Table 1,
Supplementary Table 2). In particular, we observed that SARS-CoV-2
targets anumber of key innateimmunity regulators (ORF7b-MAVS and

ORF7b-UNC93Bl), stress response components (N-HSPA1A) and DNA
damage response mediators (ORF7a-ATM and ORF7a-ATR) (Fig. 1b,
Extended Data Fig. 1c-e). Additionally, SARS-CoV-2 proteins interact
with molecular complexes involved in intracellular trafficking (for
example, endoplasmic reticulum-Golgi trafficking) and transport
(for example, solute carriers and ion transport by ATPases) as well as
cellular metabolism (for example, mitochondrial respiratory chainand
glycolysis) (Fig. 1b, Extended Data Table 1, Supplementary Table 2).
Comparing the AP-MS data of homologous SARS-CoV-2 and SARS-CoV
proteins identified differences in the enrichment of individual host
targets, highlighting potential virus-specific interactions (Fig. 1b (edge
colour), ¢, Extended Data Figs. 1f, 2a, b, Supplementary Table 2). For
instance, we recapitulated the knowninteractions between SARS-CoV
NSP2 and prohibitins? (PHB and PHB2), but this interaction was not

'Technical University of Munich, School of Medicine, Institute of Virology, Munich, Germany. “Department of Proteomics and Signal Transduction, Max-Planck Institute of Biochemistry,
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and Department of Medicine Il, School of Medicine, Technical University of Munich, Munich, Germany. *Chair of Proteomics and Bioanalytics, Technical University of Munich, Freising,
Germany. °German Cancer Consortium (DKTK), Munich Partner Site, Munich, Germany. ‘German Cancer Research Center (DKFZ), Heidelberg, Germany. “Bundeswehr Institute of
Microbiology, Munich, Germany. German Center for Infection Research (DZIF), Munich Partner Site, Munich, Germany. "Institute of Veterinary Bacteriology, Department of Infectious
Diseases and Pathobiology, University of Bern, Bern, Switzerland. "Justus Liebig University Giessen, Institute of Medical Virology, Giessen, Germany. “Institute of Virology and Immunology
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246 | Nature | Vol594 | 10 June 2021

51



Publications

©

ORF8a

Fig.1|Joint analysis of SARS-CoV-2and SARS-CoV virus-host protein-
proteininteractomes. a, Systematic comparisonofinteractomesandhost
proteome changes (effectomes) of the 24 SARS-CoV-2 and 27 SARS-CoV viral
proteins, using 3 homologues from human coronaviruses (HCoV-NL63 and
HCoV-229E) as reference for pan-coronavirus specificity. b, Combined virus-
host protein-interaction network of SARS-CoV-2 and SARS-CoV measured by
AP-MS. Homologous viral proteins are displayed as a single node. Shared and
virus-specificinteractions are denoted by the edge colour. The edge intensity

conserved with SARS-CoV-2NSP2, suggesting that the two viruses differ
in their ability to modulate mitochondrial function and homeostasis
through NSP2 (Extended Data Fig. 2a). The exclusive interaction of
SARS-CoV-2ORF8 with the TGF-B1-LTBP1complexis anotherinterac-
tion that potentially explains the differences in pathogenicity of the
two viruses (Extended Data Figs. 1f, 2b). Notably, disbalanced TGF-§
signalling has been linked to lung fibrosis and oedema, acommon
complication of severe pulmonary diseases including COVID-19"".
Tomap the virus-hostinteractions to the functions of viral proteins,
we conducted a study of total proteomes of A549 cells expressing 54
individual viral proteins comprising the ‘effectome’ (Fig. 1a, Supple-
mentary Table 3). This dataset provides clear links between changes
in protein expression and virus-host interactions, as exemplified by
ORF9b, which leads to a dysregulation of mitochondrial functions
and binds to TOMM70, a known regulator of mitophagy*"” (Fig. 1b,
Supplementary Tables 2, 3). Global pathway-enrichment analysis of
the effectome dataset confirmed that ORF9b of both viruses led to
mitochondrial dysregulation?'® (Extended Data Fig. 2c, Supplementary
Table 3) and further highlighted virus-specific effects, as exemplified
by the upregulation of proteins involved in cholesterol metabolism
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reflects the P-value for the interaction (with the smallest P-value represented
by solid edges and the highest P-value (<0.001) represented by faded edges).
ECM, extracellular matrix; ER, endoplasmic reticulum; GPCR,
G-protein-coupled receptor; HOPS, homotypic fusion and protein-sorting;
MHC, major histocompatibility complex; SNARE, soluble
N-ethylmaleimide-sensitive factor attachment proteinreceptor;

COG, conserved oligomeric Golgi. ¢, The numbers of unique and shared host
interactions between the homologous proteins of SARS-CoV-2and SARS-CoV.

(CYP51A1, DHCR7, IDI1 and SQLE) by SARS-CoV-2 NSP6 but not by
SARS-CoV NSP6.Ofnote, cholesterol metabolism was recently shown
tobeimplicatedin SARS-CoV-2replication and has been suggested as
apromising target for drug development'” ., Besides perturbations
at the pathway level, viral proteins also specifically modulated single
host proteins, possibly explaining more specific molecular mecha-
nisms involved in viral protein function. Focusing on the 180 most
affected host proteins, we identified RCOR3, a putative transcriptional
corepressor, as strongly upregulated by NSP4 of both viruses (Extended
DataFigs. 2d, 3a). Notably, apolipoprotein B (APOB) was substantially
regulated by ORF3 and NSP1of SARS-CoV-2, suggesting that it has an
important role in SARS-CoV-2 biology (Extended Data Fig. 3b).

Multi-omics profiling of virus infection

Although the interactome and the effectome provide in-depth infor-
mation ontheactivity ofindividual viral proteins, we aimed to directly
study their combined activitiesin the context of viral infection. To this
end, weinfected A549 cells expressing angiotensin-converting enzyme
2(ACE2) (A549-ACE2 cells) (Extended DataFig. 4a, b) with SARS-CoV-2
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Fig.2|Multi-level profiling of SARS-CoV-2 and SARS-CoV infection.

a, Time-resolved profiling of parallel SARS-CoV-2 and SARS-CoV infection by
multipleomics methods. The plot shows the mass spectroscopy (MS) intensity
estimates for spike proteins of SARS-CoV-2and SARS-CoV overtime (n=4
independent experiments). MOI, multiplicity of infection. b, The numbers of
distinct transcripts, proteins, ubiquitination and phosphorylation sites that
aresignificantly up- or downregulated at given time points after infection
(relative tomock infection at the same time point). Transcripts, proteins or
sites thatare regulated similarly by SARS-CoV-2 and SARS-CoV infection are
shownin grey, those regulated specifically by SARS-CoV-2arein orange and
thoseregulated by SARS-CoV arein brown. ¢, d, Comparison of host
transcriptome 12 h (c) and ubiquitinome 24 h (d) after infection (hpi) with
SARS-CoV-2 (x-axis) or SARS-CoV (y-axis) (log, fold change in comparison to the
mockinfection samples at the same time point). Significantly regulated
transcripts by moderated t-test with false discovery rate-corrected two-sided

or SARS-CoV, and profiled the effects of viral infection on mRNA expres-
sion, protein abundance, ubiquitination and phosphorylationina
time-resolved manner (Fig. 2 a-b).

Inline with previous reports®?, we found thatboth SARS-CoV-2and
SARS-CoV can downregulate the type linterferon response and acti-
vate a pro-inflammatory signature at transcriptome and proteome
levels (Fig. 2a-c, Extended Data Fig. 4c—f, i, Supplementary Tables 4,
8, Supplementary Discussion 1). However, SARS-CoV elicited a more
pronounced activation of the NF-kB pathway, correlating withits higher
replication rate and potentially explaining the lower severity of pul-
monary disease in cases of SARS-CoV-2 infection” (Supplementary
Tables 4, 5). By contrast, SARS-CoV-2infectionled to higher expression
of FN1and SERPINEL, which may be linked to the specific recruitment
of TGF- factors (Fig. 1b), supporting regulation of TGF-f signalling
by SARS-CoV-2.

To better understand the mechanisms underlying perturbation of
cellularsignalling, we performed comparative ubiquitination and phos-
phorylation profiling following infection with SARS-CoV-2 or SARS-CoV.
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0612 24 36

P-value<0.05 (c) and significantly regulated sites by Bayesian linear
model-based unadjusted two-sided P-value <10, [log, fold change| >0.5 (d) are
coloured according to specificityasindicated. Diamondsindicate that the
actual log, fold change was truncated to fitinto the plot. n =3 independent
experiments. e, Phosphorylation (purple squares) and ubiquitination (red
circles) siteson EGFRthat are regulated upon SARS-CoV-2 infection. The plot
shows median log, fold change of abundance compared withmock infection at
24 and 36 hpi.Allidentified phosphorylationsites have known regulatory
function. f, Profile plots of time-resolved EGFR K754 ubiquitination, EGFR T693
and S991 phosphorylation, and total EGFR protein levelsin A549-ACE2
cellsinfected with SARS-CoV-2 or SARS-CoV withindicated median (line),

50% (shaded region) and 95% (dotted line) confidenceintervals.n=3
(ubiquitination) or 4 (phosphorylation and total protein) independent
experiments.

Thisanalysis showed that 1,108 0of16,541 detected ubiquitination sites
were differentially regulated by infection with SARS-CoV-2 or SARS-CoV
(Fig.2a, b, d, Extended DataFig. 5a, Supplementary Table 6). More than
halfof the significant sites were regulated in a similar manner by both
viruses. Theseincluded sites on SLC35 and SUMO family proteins, indi-
cating possible regulation of sialicacid transportand the SUMO activity.
SARS-CoV-2 specifically increased ubiquitination on autophagy-related
factors (MAPILC3A, GABARAP, VPS33A and VAMPS8) as well as specific
sites on EGFR (for example, K739, K754 and K970). In some cases, the
twoviruses targeted distinct sites on the same cellular protein, as exem-
plified by HSP90 family members (for example, K84, K191 and K539
on HSP90AAYI) (Fig. 2d). Notably, a number of proteins (for example,
ALCAM, ALDH3B1, CTNNAL, EDF1 and SLC12A2) exhibited concomi-
tant ubiquitination and a decrease at the protein level afterinfection,
pointing to ubiquitination-mediated protein degradation (Fig. 2d,
Extended Data Figs. 4f, Sa, Supplementary Tables 5, 6). Among these
downregulated proteins, EDF1 has a pivotal role in the maintenance
ofendothelial integrity and may be a link to endothelial dysfunctions
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Fig.3|Phosphorylationand ubiquitination of SARS-CoV-2and SARS-CoV
viral proteins. a, Distribution of identified shared, differentially regulated and
selectively encoded (sequence-specific) ubiquitination and phosphorylation
sites on SARS-CoV-2and SARS-CoV homologous proteins after infection of
A549-ACE2cells. PTM, post-translational modification. b, Mapping of the
ubiquitination (red circles) and phosphorylation (purple squares) sitesonan
alignment of SARS-CoV-2 ORF3 and SARS-CoV ORF3a proteins, showing
medianlog,intensitiesin virus-infected A549-ACE2 cells at 24 hpi. Functional
(blue) and topological (yellow) domains are mapped on each sequence.
Ubiquitin-modifying enzymes binding to ORF3 and ORF3a asidentifiedin
our AP-MS experiments (Extended DataFig.1b) areindicated (green).

TM, transmembrane domain. ¢, Surface and ribbon representation of
superimposed SARS-CoV (Protein Data Bank (PDB) ID: 2CJR, brown) and
SARS-CoV-2 (PDBID: 6YUN, orange) N protein CTD dimers (r.m.s.d. values of
0.492 A for 108 matching Caatoms). Secondary structures are numberedin
grey (prefixed with a for a-helix, s for 3-strand and n for non-structured
regions). Side chainsare colour coded depending on whether they arein
ubiquitinated (red), phosphorylated (purple) orunmodified (grey) sites.

The K338 ubiquitination site unique to SARS-CoV-2is shown as a close-up for
bothmonomers (bottom right). Close-ups of inter-chain residue interactions
established by non-phosphorylated (top right) and phosphorylated (middle
right) SARS-CoV-25310 or SARS-CoV S311.

described for COVID-19%*%. Profound regulation of cellular signalling
pathways was also observed at the phosphoproteomic level: among
16,399 total quantified phosphorylationsites, 4,643 showed significant
changes after infection with SARS-CoV-2 or SARS-CoV (Extended Data
Fig. 5b, ¢, Supplementary Table 7). Highly regulated sites were identi-
fied for the proteins of the MAPK pathways (for example, MAPKAPK?2,
MAP2K1,JUN and SRC), and proteinsinvolved in autophagy signalling
(for example, DEPTOR, RICTOR, OPTN, SQSTM1 and LAMTOR1) and
viral entry (for example, ACE2 and RAB7A) (Extended Data Fig. 5b, d).
Notably, RAB7A was recently shown tobe animportant host factor for
SARS-CoV-2 infection that assists endosomal trafficking of ACE2 to
the plasma membrane®. We observed higher phosphorylation at S72
of RAB7A in SARS-CoV-2 infection compared with SARS-CoV or mock
infection; thissiteisimplicated in RAB7A intracellular localization and
molecular association?. The regulation of known phosphorylation
sites suggests an involvement of central kinases (cyclin dependent
kinases, AKT, MAPKs, ATM, and CHEK1) linked to cell survival, cell cycle
progression, cell growth and motility, stress responses and the DNA

damage response; this was also supported by the analysis of enriched
motifs (Extended Data Fig. Se, f, Supplementary Tables 7, 8). Notably,
SARS-CoV-2infection, but not SARS-CoVinfection, led to phosphoryla-
tion of the antiviral kinase EIF2AK2 (also known as PKR) at the critical
regulatory residue $33%. This differential activation of EIF2AK2 could
contribute to the difference in the growth kinetics of the two viruses
(Supplementary Table 4, 5).

Ourdataclearly pointtoaninterplay of phosphorylation and ubiquit-
ination patterns onindividual host proteins. For instance, EGFR showed
increased ubiquitination on 6 lysine residues at 24 h post-infection (hpi)
accompanied by increased phosphorylation of T693, S695 and S991
at 24 and 36 hpi (Fig. 2e, f). Ubiquitination of all six lysine residues on
EGFR was more pronounced following infection with SARS-CoV-2 than
with SARS-CoV. Moreover, vimentin, a central co-factor for coronavi-
rusentry® and pathogenicity’®”, displayed distinct phosphorylation
and ubiquitination patterns on several sites early (for example, S420)
or late (for example, S56, S72 and K334) in infection (Extended Data
Fig. 6a, b). These findings underscore the value of testing different
post-translational modifications simultaneously and suggest a con-
certed engagement of regulatory machineries to modify target protein
functionsand abundance.

Post-translational modification of viral proteins

The majority of viral proteins were also post-translationally modified.
Ofthe 27 detected SARS coronavirus proteins, 21 were ubiquitinated.
Nucleocapsid (N), spike (S), NSP2 and NSP3were the most heavily modi-
fied proteins in both viruses (Extended Data Fig. 6¢, Supplementary
Table 6). Many ubiquitination sites were common to both viruses.
Around half of the sites that were exclusively ubiquitinated in either
viruswere conserved between SARS-CoV and SARS-CoV-2. The remain-
ingspecifically regulated ubiquitination sites were uniqueto each virus,
indicating that these acquired adaptations canbe post-translationally
modified and may recruit cellular proteins with distinct functions
(Fig. 3a). Our interactome data identified several host E3 ligases (for
example, we identified interactions between SARS-CoV-2 ORF3 and
TRIM47, WWP1, WWP2 and STUBI; and between SARS-CoV-2M and
TRIM7) and deubiquitinating enzymes (for example, interactions
between SARS-CoV-2 ORF3 and USP8; SARS-CoV-2 ORF7aand USP34;
and SARS-CoV N and USP9X), suggesting crosstalk between ubiquit-
inationand viral protein functions (Fig. 1b, Extended Data Fig. 6d, Sup-
plementary Table 2). Of particular interest are extensive ubiquitination
events on the S protein of both viruses (K97, K528, K825, K835, K921
and K947), which are distributed on functional domains (N-terminal
domain, C-terminal domain (CTD), fusion peptide and heptad repeat
1domain), potentially indicating critical regulatory functions that
are conserved between the two viruses (Extended Data Fig. 6e). We
observed phosphorylation of 5 SARS-CoV-2 proteins (M, N, S, NSP3
and ORF9b) and 8 SARS-CoV proteins (M, N, S, NSP1, NSP2, NSP3, ORF3
and ORF9b) (Extended Data Fig. 6f, Supplementary Table 7), on sites
corresponding to known recognition motifs. In particular, CAMK4 and
MAPKAPK2 potentially phosphorylate sites on S and N, respectively.
Phosphorylation of cellular proteins suggested that the activities
of these kinases were enriched in cells infected with SARS-CoV-2 or
SARS-CoV (Extended Data Figs. Se, f, 6e, g). Moreover, N proteins of
both SARS-CoV-2and SARS-CoV recruit GSK3, which could potentially
be linked to phosphorylation events on these viral proteins (Fig. 1b,
Extended Data Fig. 6g, Supplementary Table 7). Notably, we identi-
fied novel post-translationally modified sites located at functional
domains of viral proteins; we detected ubiquitination at SARS-CoV-2
NK338and phosphorylation on SARS-CoV-2and SARS-CoVN S$310 and
S311 (Extended Data Fig. 6g). Mapping these sites to the atomic struc-
ture of the CTD?** highlights critical positions for the function of the
protein (Fig.3c, Extended Data Fig. 6h, Supplementary Discussion 2).
Collectively, while the identification of differentially regulated sites
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downstream proteome changes. The results of network diffusion are
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may indicate pathogen-specific functions, insights from conserved
post-translational modifications may also provide useful knowledge
for the development of targeted pan-antiviral therapies.

Viral perturbation of key cellular pathways

Our unified experimental design in asyngeneic system enabled direct
time-resolved comparison of SARS-CoV-2 and SARS-CoV infection
across different levels. Integrative pathway-enrichment analysis dem-
onstrated that both viruseslargely perturb the same cellular processes
atmultiple levels, albeit with distinct temporal patterns (Extended
Data Fig. 7a). For instance, transcriptional downregulation of pro-
teinsinvolved in tau protein kinase activity and Fe ion sequestration
at 6 hpi was followed by a decrease in protein abundance after 12 hpi
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(Supplementary Table 8). RHO GTPase activation, mRNA processing
and therole of ABLin ROBO-SLIT signalling appeared to be regulated
mostly through phosphorylation (Extended Data Fig. 7a). By contrast,
processes connected to cellular integrity such as the formation of
senescence-associated heterochromatin foci, apoptosis-induced
DNA fragmentation and amino acid transport across the plasma
membrane were modulated through concomitant phosphorylation
and ubiquitination events, suggesting molecular links between these
post-translational modifications. lon transporters, especially the SLC12
family of cation-coupled chloride cotransporters—previously identified
as cellular factors in pulmonary inflammation®*—were also regulated
atmultiple levels, evidenced by reduced protein abundance as well as
differential post-translational modifications (Extended DataFig. 7a).

The pathway-enrichment analysis provided a global and compre-
hensive picture of how SARS-CoV-2 and SARS-CoV affect the host. We
next applied an automated approach to systematically explore the
underlying molecular mechanisms contained in the viral interactome
and effectome data. We mapped the measured interactions and effects
of each viral protein onto the global network of cellular interactions™
and applied a network diffusion approach® (Fig. 4a). This type of
analysis uses known cellular protein-protein interactions, signalling
and regulation events to identify connection points between cellular
proteins that interact with viral proteins and the proteins affected
by the expression of these viral proteins (Extended Data Figs. 1b, 2d,
Supplementary Tables 2, 3). The connections inferred from the real
data were significantly shorter than for randomized data, validating
the relevance of the approach and the quality of the data (Extended
DataFig. 8a,b). The findings from thisapproachinclude the potential
mechanisms by which ORF3 and NSP6 may regulate autophagy, the
modulation ofinnate immunity by M, ORF3 and ORF7b, and the pertur-
bation of integrin-TGF-B-EGFR-receptor tyrosine kinase signalling by
ORF80f SARS-CoV-2 (Fig. 4b, Extended DataFig. 8c, d). Enriching these
subnetworks with data on SARS-CoV-2 infection-dependent mRNA
abundance, protein abundance, phosphorylation and ubiquitination
(Fig. 4a) provided insights into the regulatory mechanisms activated
by SARS-CoV-2. For instance, the analysis confirmed a role of NSP6 in
both SARS-CoV-2- and SARS-CoV-induced autophagy” and revealed
the SARS-CoV-2 specific inhibition of autophagic flux by ORF3 pro-
tein, leading to the accumulation of autophagy receptors (SQSTMI,
GABARAPL2,NBR1, CALCOCO2, MAP1LC3A, MAPILC3B and TAX1BP1),
consistent with the accumulation of MAP1LC3B protein observed in
cellsinfected with SARS-CoV-2 (Fig. 4c, Extended Data Fig. 8e, f). This
inhibition may be a result of the interaction of the ORF3 protein with
the HOPS complex (VPS11, VPS16, VPS18, VPS39 and VPS41), which
is essential for autophagosome-lysosome fusion, as well as the dif-
ferential phosphorylation of regulatory sites (for example, on TSC2,
mTORC1complex, ULK1, RPS6 and SQSTM1) and ubiquitination of key
components (MAP1LC3A, GABARAPL2, VPS33A and VAMPS) (Fig. 4c,
Extended Data Fig. 8g). This inhibition of autophagosome function
may have direct consequences for protein degradation. Theabundance
of APOB, a protein that is degraded via autophagy™, was selectively
increased after SARS-CoV-2infection or expression of SARS-CoV-2 ORF3
(Extended DataFig. 3b, 8h). Accumulating APOB levels could increase
the risk of arterial thrombosis®, one of the main complications con-
tributing tolung, heartand kidney failure in patients with COVID-19%.
The inhibition of the interferon (IFN)-a and IFN-B response observed
at transcriptional and proteome levels was similarly explained by the
network diffusion analysis (Extended Data Fig. 8i), which implicated
multiple proteins of SARS-CoV-2 in the disruption of antiviral immu-
nity. Further experiments functionally corroborated the inhibition of
IFN-aand IFN-Binduction or signalling by ORF3, ORF6, ORF7a, ORF7b
and ORF9b (Extended Data Fig. 8j). Upon virusinfection, we observed
the regulation of TGF-f and EGFR pathways modulating cell survival,
motility and innateimmune responses (Extended Data Fig. 9a-d). Spe-
cifically, our network diffusion analysis revealed aconnection between
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Fig.5|Identification of pathways targeted by SARS-CoV-2 using a
multi-omics profiling approach bl ematic testing of
antiviral therapies.a, b, A549-ACE2 cells were treated with the indicated
drugs 6 hbeforeinfection with SARS-CoV-2-GFP (MOl of 3). Changesin cell
viability and virus growth (a) in drug-treated cells compared with untreated
A549-ACE2cells at 48 hpi. A confluence cut-off of -0.2log, fold change was
applied to remove cytotoxic compounds. b, Time courses of virus replication
after pre-treatment of cells with prinomastat or gilteritinib. n=4 independent
experiments;*P<0.01compared with control treatment, unadjusted
two-sided Wilcoxon test. Norm., normalized. ¢, Drugs potentially targeting
pathwaysidentified in our study. Colourindicates antiviral activity against
SARS-CoV-20r SARS-CoV (brown-orange gradient) or SARS-CoV-2 specifically
(orange), asinferred frominvitro experiments.

thebinding of the ORF8 and ORF3 proteins to TGF-B-associated factors
(TGF-B1, TGF-B2, LTBP1, TGFBR2, FURIN and BAMBI), the differential
expression of extracellular matrix regulators (FERMT2 and CDH1) and
thevirus-induced upregulation of fibrinogens (FGA, FGB), fibronectin
(FN1) and SERPINE1" (Extended Data Fig. 9a, b). The increased phos-
phorylation of proteins involved in MAPK signalling (for example, SHC1
(on S139), SOS1(S1134/S1229), JUN (S63/S73), MAPKAPK2 (T334) and
p38(T180/Y182)) and receptor tyrosine kinase signalling (for example,
phosphorylation of PI3K complex members PDPK1(S241) and RPS6KA1
(S380)) as well as a higher expression of JUN, FOS and EGR1 are fur-
therindications of regulation of TGF-B and EGFR pathways (Extended
Data Fig. 9a, ¢, d). In turn, TGF-B and EGFR signalling are known to be
potentiated by integrin signalling and activation of YAP-dependent
transcription*’, which we observed to be regulated ina time-dependent
manner upon SARS-CoV-2infection (Extended DataFig. 9a). Aswell as
promoting virus replication, activation of these pathways has been
implicated in fibrosis” ™, one of the hallmarks of COVID-19".

Data-guided drugidentification and testing

Together, the viral protein-host protein interactions and regulation
of pathways observed at multiple levels identify potential points for
targeting SARS-CoV and SARS-CoV-2 using well-characterized selective
antiviral drugs. Totest antiviral efficacy, we used time-lapse fluorescent
microscopy ofinfection with a GFP reporter SARS-CoV-2*. Inhibition of
virusreplication by treatment with IFN-a corroborated previous con-
clusions that efficient SARS-CoV-2 replicationinvolves theinactivation

of this pathway atan early step®** and confirmed the reliability of this

screening approach (Extended Data Fig. 10a). We tested a panel of 48
drugs that modulate the pathways perturbed by the virus for their
effects on SARS-CoV-2 replication (Fig. 5a, Supplementary Table 9).
Of note, inhibitors of B-RAF (sorafenib, regorafenib and dabrafenib),
JAK1/2 (baricitinib) and MAPK (SB239063), which are commonly used
to treat cancer and autoimmune diseases* ¥, significantly increased
virus growthin anin vitro model of infection (Fig. 5a, Extended Data
Fig. 10b, Supplementary Table 9). By contrast, inducers of DNA dam-
age (tirapazamine and rabusertib) or an mTOR inhibitor (rapamycin)
suppressed virus growth. The highest antiviral activity was observed
for gilteritinib (a designated inhibitor of FLT3 and AXL), ipatasertib
(an AKT inhibitor), prinomastat and marimastat (matrix metallopro-
tease (MMP) inhibitors) (Fig. 5a, b, Extended Data Fig. 10c, Supple-
mentary Table 9). These compounds profoundlyinhibited replication
of SARS-CoV-2 while having no effects or minor effects on cell growth
(Extended Data Fig. 10b, Supplementary Table 9). Quantitative PCR
analysisindicated antiviral activities for gilteritinib and tirapazamine
against SARS-CoV-2and SARS-CoV (Fig. 5¢, Extended Data Fig.10d, e).
Notably, prinomastat and marimastat, specific inhibitors of MMP2 and
MMP9, showed selective activity against SARS-CoV-2 but not against
SARS-CoV (Fig. 5c, Extended Data Fig. 10f, g). Activities of MMPs have
beenlinked to TGF-B activation and pleural effusions, alveolar damage
and neuroinflammation (for example, Kawasaki disease), all of which
are characteristic of COVID-1945%!,

This drug screen demonstrates the value of our combined dataset,
which profiles SARS-CoV-2 infection at multiple levels. We expect that
further exploration of these rich data by the scientific community
and additional studies of the interplay between different omicslevels
will substantially advance our molecular understanding of corona-
virus biology, including the pathogenicity associated with specific
human coronaviruses, such as SARS-CoV-2 and SARS-CoV. Moreover,
this resource, together with complementary approaches®****, will
streamline the search for antiviral compounds and serve as a base for
rational design of combination therapies that target the virus from
multiple synergistic angles, thus potentiating the effect of individual
drugs while minimizing potential side effects on healthy tissues.
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Methods

No statistical methods were used to predetermine sample size. The
experiments were notrandomized. Theinvestigators were not blinded
toallocation during experiments and outcome assessment.

Celllinesand reagents

HEK293T, A549, Vero E6 and HEK293-R1 cells were authentified by
PCR-single-locus-technology and their respective culturing conditions
weredescribed previously®. All cell lines were tested to be mycoplasma
free. Expression constructs for C-terminal HA-tagged viral openreading
frames were synthesized (Twist Bioscience and BioCat) and cloned into
pWPIvector as described previously* with the following modifications:
astarting ATG codon was added, internal canonical splicing sites were
replaced with synonymous mutations and a C-terminal HA-tag, followed
by an amber stop codon, was added to individual viral open reading
frames. A C-terminally HA-tagged ACE2 sequence was amplified froman
ACE2 expression vector (provided by S. Péhlmann)¥ into the lentiviral
vector pWPI-puro. A549 cells were transduced twice, and A549-ACE2
cells were selected with puromycin. Lentivirus production, transduc-
tion of cells and antibiotic selection were performed as described
previously®. RNA isolation (Macherey-Nagel NucleoSpin RNA plus),
reverse transcription (TaKaRaBio PrimeScript RT with gDNA eraser) and
quantitative PCRwith reverse transcription (RT-qPCR) (Thermo-Fisher
Scientific PowerUp SYBR green) were performed as described previ-
ously**. RNA isolation for next generation sequencing applications was
performed according to the manufacturer’s protocol (Qiagen RNeasy
minikit, RNase free DNase set). For detection of protein abundance by
western blotting, HA-horseradish peroxidase (HRP) (Sigma-Aldrich;
H6533;1:2,500 dilution), ACTB-HRP (Santa Cruz; sc-47778;1:5,000
dilution), MAP1LC3B (Cell Signaling; 3868;1:1,000 dilution), MAVS (Cell
Signaling; 3993;1:1,000 dilution), HSPA1A (Cell Signaling; 4873;1:1,000
dilution), TGF-B (Cell Signaling; 3711; 1:1,000 dilution), phospho-p38
(T180/Y182) (Cell Signaling; 4511;1:1,000 dilution), p38 (Cell Signal-
ing; 8690;1:1,000 dilution) and SARS-CoV-2 or SARS-CoV N protein
(Sino Biological; 40143-MMO05;1:1,000 dilution) antibodies were used.
Secondary antibodies detecting mouse (Cell Signaling; 7076; 1:5,000
dilution;Jackson ImmunoResearch;115-035-003;1:5,000 dilution), rat
(Invitrogen; 31470; 1:5,000 dilution), and rabbit 1gG (Cell Signaling;
7074;1:5,000 dilution) were coupled to HRP. For AP-MS and affinity
purification-western blotting applications, HA beads (Sigma-Aldrich
and Thermo Fisher Scientific) and Streptactin Il beads (IBA Lifesciences)
were used. Imaging of western blots was performed as described®.
Recombinant human IFN-a used for stimulation of cellsin the reporter
assay was a gift from P. Stdheli (Institute of Virology, University of
Freiburg), recombinant human IFN-y was purchased from PeproTech,
andIVT4 wasproduced as described before®. All compoundstested in
the viralinhibitor assay are listed in Supplementary Table 9.

Virus strains, stock preparation, plaque assay and in vitro infection
SARS-CoV-Frankfurt-1, SARS-CoV-2-MUC-IMB-1and SARS-CoV-2-GFP
strains* were produced by infecting Vero E6 cells cultured in DMEM
medium (10% FCS,100 ug ml ™' Streptomycin, 100 1U ml ™" penicillin) for
2 days (MOl of 0.01). Viral stock was collected and spun twice (1,000g
for 10 min) before storage at —80 °C. Titre of viral stock was deter-
mined by plaque assay. Confluent monolayers of Vero E6 cells were
infected with serial fivefold dilutions of virus supernatants for 1 h at
37°C.Theinoculumwas removed and replaced with serum-free MEM
(Gibco, Life Technologies) containing 0.5% carboxymethylcellulose
(Sigma-Aldrich). Two days after infection, cells were fixed for 20 min
atroom temperature with formaldehyde added directly to the medium
toafinal concentration of 5%. Fixed cells were washed extensively with
PBS before staining with water containing 1% crystal violet and 10%
ethanol for 20 min. After rinsing with PBS, the number of plaques was
counted and the virus titre was calculated.

A549-ACE2 cells were infected with either SARS-CoV-Frankfurt-1or
SARS-CoV-2-MUC-IMB-1strains (MOI of 2) for the subsequent experi-
ments. At each time point, the samples were washed once with 1x TBS
buffer and collected insodium deoxycholate (SDC) lysis buffer (100 mM
TrisHCI pH8.5;4% SDC) for proteome-phosphoproteome-ubiquitinome
analysis, sodium dodecyl sulfate (SDS) lysis buffer (62.5 mM Tris HCI
pH 6.8;2%SDS;10% glycerol; SOmM DTT; 0.01% bromophenol blue) for
western blot, or buffer RLT (Qiagen) for transcriptome analysis. The sam-
pleswere heat-inactivated and frozen at -80 °C until further processing.

Affinity purification and mass spectrometric analyses of
SARS-CoV-2, SARS-CoV, HCoV-229E and HCoV-NL63 proteins
expressedin A549 cells

To determine the interactomes of SARS-CoV-2 and SARS-CoV and the
interactomes of an accessory protein (encoded by ORF4 or ORF4a
of HCoV-229E or ORF3 of HCoV-NL63) that presumably represents
a homologue of the ORF3 and ORF3a proteins of SARS-CoV-2 and
SARS-CoV, respectively, four replicate affinity purifications were
performed for each HA-tagged viral protein. A549 cells (6 x 10° cells
per 15-cm dish) were transduced with lentiviral vectors encoding
HA-tagged SARS-CoV-2, SARS-CoV or HCoV-229E/NL63 proteins and
protein lysates were prepared from cells collected 3 days after trans-
duction. Cell pellets from two 15-cm dishes were lysed in lysis buffer
(50 mM Tris-HCI pH 7.5,100 mM NaCl, 1.5 mM MgCl,, 0.2% (v/v) NP-40,
5% (v/v) glycerol, cOmplete protease inhibitor cocktail (Roche), 0.5%
(v/v) 750 U/pl Sm DNase) and sonicated (Smin, 4 °C, 30 s on, 30 s off, low
settings; Bioruptor, Diagenode). Following normalization of protein
concentrations of cleared lysates, virus protein-bound host proteins
were enriched by adding 50 pl anti-HA-agarose slurry (Sigma-Aldrich,
A2095) with constant agitation for 3 h at 4 °C. Non-specifically bound
proteins were removed by four subsequent washes with lysis buffer
followed by three detergent-removal steps with washing buffer
(50 mM Tris-HCI pH7.5,100 mM NaCl, 1.5 mM MgCl,, 5% (v/v) glycerol).
Enriched proteins were denatured, reduced, alkylated and digested
by addition of 200 pl digestion buffer (0.6 M guanidinium chloride,
1mM tris(2-carboxyethyl)phosphine (TCEP), 4 mM chloroacetamide
(CAA),100 mM Tris-HCIpH 8, 0.5 pg LysC (WAKO Chemicals) and 0.5 ug
trypsin (Promega) at 30 °C overnight. Peptide purification on StageTips
with threelayers of C18 Empore filter discs (3M) and subsequent mass
spectrometry analysis was performed as described previously***°.
In brief, purified peptides were loaded onto a 20-cm reverse-phase
analytical column (75 pm diameter; ReproSil-Pur C18-AQ 1.9 umresin;
Dr Maisch) and separated using an EASY-nLC 1200 system (Thermo
Fisher Scientific). A binary buffer system consisting of buffer A (0.1%
formicacid (FA) in H,0) and buffer B (80% acetonitrile (ACN), 0.1% FA
inH,0) witha90-min gradient (5-30% buffer B (65min), 30-95% buffer
B (10 min), wash out at 95% buffer B (5 min), decreased to 5% buffer B
(5 min), and 5% buffer B (5 min)) was used at a flow rate of 300 nl per
min. Eluting peptides were directly analysed on a Q-Exactive HF mass
spectrometer (Thermo Fisher Scientific). Data-dependent acquisi-
tion included repeating cycles of one MSI full scan (300-1650 m/z,
R=60,000 at 200 m/z) at anion target of 3 x 10°, followed by 15 MS2
scans of the highest abundant isolated and higher-energy collisional
dissociation (HCD) fragmented peptide precursors (R =15,000 at
200 m/z). For MS2 scans, collection of isolated peptide precursors
was limited by an ion target of 1 x 10° and a maximum injection time
of 25 ms. Isolation and fragmentation of the same peptide precursor
was eliminated by dynamic exclusion for 20 s. The isolation window
of the quadrupole was set to 1.4 m/zand HCD was set to a normalized
collision energy of 27%.

Proteome analyses of cells expressing SARS-CoV-2, SARS-CoV,
HCoV-229E or HCoV-NL63 proteins

For the determination of proteome changes in A549 cells expressing
SARS-CoV-2, SARS-CoV, HCoV-229E or HCoV-NL63 proteins, a fraction of
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1x10°lentivirus-transduced cells from the affinity purification samples
were lysed in guanidinium chloride buffer (6 M guanidinium chloride,
10 mM TCEP, 40 mM CAA, 100 mM Tris-HCI pH 8), boiled at 95 °C for 8
minandsonicated (10 min, 4 °C,30son, 30 s off, high settings). Protein
concentrations of cleared lysates were normalized to 50 pug, and proteins
were pre-digested with 1 ug LysC at 37 °C for 1 h followed by a 1:10 dilu-
tion (100 mM Tris-HCI pH 8) and overnight digestion with 1 ug trypsin at
30 °C. Peptide purification on StageTips with three layers of CI8 Empore
filter discs (3M) and subsequent mass spectrometry analysis was per-
formedasdescribed previously™*°. In brief, 300 ng of purified peptides
were loaded ontoa50-cmreversed-phase column (75 pminner diameter,
packed in house with ReproSil-Pur C18-AQ 1.9 pmresin (Dr Maisch)). The
column temperature was maintained at 60 °C usingahomemade column
oven.Abinary buffer system, consisting of buffer A (0.1% FA) and buffer
B (80% ACN, 0.1% FA), was used for peptide separation, at a flow rate
of300 nl min™. An EASY-nLC 1200 system (Thermo Fisher Scientific),
directly coupled online with the mass spectrometer (Q Exactive HF-X,
Thermo Fisher Scientific) viaanano-electrospray source, was employed
for nano-flow liquid chromatography. Peptides were eluted by alinear 80
mingradientfrom 5% to30% buffer B (0.1% v/vFA,80%v/v ACN), followed
by a4 minincrease to 60% B, a further 4 min increase to 95% B, a4 min
plateau phase at 95% B, a4 min decrease to 5% B and a4 min wash phase
of 5% B.Toacquire MS data, the data-independentacquisition (DIA) scan
mode operated by the XCalibur software (Thermo Fisher) was used. DIA
was performed with one full MS event followed by 33 MS/MS windows in
onecycleresultinginacycle time of 2.7 s. The fullMS settings included
anion target value of 3 x 10° charges in the 300-1,650 m/z range with
amaximuminjection time of 60 ms and a resolution 0f 120,000 at m/z
200.DIA precursor windows ranged from 300.5 m/z (lower boundary of
firstwindow) to1,649.5 m/z (upper boundary of 33rd window). MS/MS
settings included anion target value of 3 x 10° charges for the precur-
sor window with an Xcalibur-automated maximum injection time and
aresolution of 30,000 at m/z200.

To generate the proteome library for DIA measurements purified
peptides from the first and the fourth replicates of all samples were
pooled separately and 25 ug of peptides from each pool were fraction-
ated into 24 fractions by high pH reversed-phase chromatography as
described earlier®. During each separation, fractions were concat-
enated automatically by shifting the collection tube every120s. In total
48 fractionswere driedinavacuum centrifuge, resuspended in buffer
A*(0.2%trifluoroaceticacid (TFA), 2% ACN) and subsequently analysed
by a top-12 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 full MS
level included anion target value of 3 x 10° charges in the 300-1,650
m/zrange withamaximuminjection time of 20 ms and aresolution of
60,000atm/z200.Atthe MS/MS level the target value was 10° charges
with a maximum injection time of 60 ms and a resolution of 15,000
at m/z200. 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/zwindow. Fragmentation was performed by higher-energy C-trap
dissociation with a normalized collision energy of 27 eV.

Infected time-course proteome-phosphoproteome-diGly
proteome sample preparation
Frozen lysates of infected A549-ACE2 cells collected at 6,12 and 24 hpi
(and 36 hpi for the phosphoproteomics study) were thawed oniice,
boiled for 5min at 95 °C and sonicated for 15min (Branson Sonifierer).
Protein concentrations were estimated by tryptophan assay®’. Toreduce
and alkylate proteins, samples were incubated for 5 min at 45 °C with
TCEP (10 mM) and CAA (40 mM). Samples were digested overnight at
37°C using trypsin (1:100 w/w, enzyme/protein, Sigma-Aldrich) and
LysC (1:100 w/w, enzyme/protein, Wako).

For proteome analysis, 10 pg of peptide material were desalted using
SDB-RPS StageTips (Empore)®. In brief, samples were diluted with 1%

TFA inisopropanol to a final volume of 200 pl and loaded onto Sta-
geTips, subsequently washed with 200 pl of 1% TFA in isopropanol
and 200l 0.2% TFA/ 2% ACN. Peptides were eluted with 75 pl of 1.25%
ammonium hydroxide (NH,OH) in80% ACN and dried using a SpeedVac
centrifuge (Eppendorf, Concentrator Plus). They were resuspended
in buffer A* (0.2% TFA, 2% ACN) before LC-MS/MS analysis. Peptide
concentrations were measured optically at 280 nm (Nanodrop 2000,
Thermo Scientific) and subsequently equalized using buffer A*. One
microgram of peptide was analysed by LC-MS/MS.

The rest of the samples were diluted fourfold with 1% TFA in iso-
propanol and loaded onto SDB-RPS cartridges (Strata-X-C, 30 mg per
3ml, Phenomenex), pre-equilibrated with 4 ml 30% MeOH/1% TFA and
washed with 4 ml 0.2% TFA. Samples were washed twice with 4 ml 1%
TFAinisopropanol, once with 0.2% TFA/2% ACN and eluted twice with
2ml1.25%NH,0H/80% ACN. Eluted peptides were diluted with ddH,0
toafinal ACN concentration of 35%, snap frozen and lyophilized.

For phosphopeptide enrichment, lyophilized peptides were resus-
pendedin105 plof equilibration buffer (1% TFA/80% ACN) and the pep-
tide concentration was measured optically at 280 nm (Nanodrop 2000,
Thermo Scientific) and subsequently equalized using equilibration
buffer. The AssayMAP Bravorobot (Agilent) performed the enrichment
for phosphopeptides (150 pg) by priming AssayMAP cartridges (packed
with 5l Fe*-NTA) with 0.1% TFAin 99% ACN followed by equilibration
inequilibration buffer and loading of peptides. Enriched phosphopep-
tides were eluted with1%ammonium hydroxide, which was evaporated
using a Speedvac for 20 min. Dried peptides were resuspended in 6 pl
buffer A*and 5 pl was analysed by LC-MS/MS.

For diGly peptide enrichment, lyophilized peptides were reconsti-
tuted inIAPbuffer (50 mMMOPS, pH7.2,10 mM Na,HPO,, 50 mM NaCl)
and the peptide concentration was estimated by tryptophan assay.
K-e-GG remnant containing peptides were enriched using the PTMScan
Ubiquitin Remnant Motif (K-e-GG) Kit (Cell Signaling Technology).
Cross-linking of antibodies to beads and subsequent immunopurifica-
tionwas performed with slight modifications as previously described®.
Inbrief, two vials of cross-linked beads were combined and equally split
into16 tubes (-31 pug of antibody per tube). Equal peptide amounts (600
pg) wereadded to cross-linked beads, and the volume was adjusted with
IAP buffer to 1 ml. After 1 h of incubation at 4 °C and gentle agitation,
beads were washed twice with cold IAP and 5 times with cold ddH,0.
Thereafter, peptides were eluted twice with 50 pl 0.15% TFA. Eluted
peptides were desalted and dried as described for proteome analysis
with the difference that 0.2% TFA instead of 1% TFA inisopropanol was
used for the first wash. Eluted peptides were resuspended in 9 pl buffer
A*and 4 pl was subjected to LC-MS/MS analysis.

DIA measurements
Samples were loaded onto a 50-cm reversed-phase column (75 pm
inner diameter, packed in house with ReproSil-Pur C18-AQ1.9 pmresin
(DrMaisch)). The column temperature was maintained at 60 °Cusinga
homemade column oven. Abinary buffer system, consisting of buffer
A (0.1% 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-nLC 1200 system
(Thermo Fisher Scientific), directly coupled online with the mass
spectrometer (Orbitrap Exploris 480, Thermo Fisher Scientific) viaa
nano-electrospray source, was employed for nano-flow liquid chroma-
tography. The FAIMS device was placed between the nanoelectrospray
source and the mass spectrometer and was used for measurements
of the proteome and the PTM-library samples. Spray voltage was set
t02,650V, RF level to 40 and heated capillary temperature to 275 °C.
For proteome measurements we used a 100 min gradient starting
at 5% buffer B followed by a stepwise increase to 30%in 80 min, 60%in
4 minand 95% in 4 min. The buffer B concentration stayed at 95% for
4 min, decreased to 5% in 4 min and stayed there for 4 min. The mass
spectrometer was operated in data-independent mode (DIA) with a
full scan range of 350-1,650 m/z at 120,000 resolution at 200 m/z,
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normalized automatic gain control (AGC) target of 300% and a maxi-
mum fill time of 28 ms. One full scan was followed by 22 windows witha
resolutionof15,000, normalized AGC target of 1,000% and a maximum
filltime of 25 msin profile mode using positive polarity. Precursorions
werefragmented by HCD (NCE 30%). Each of the selected compensation
voltage (CV) (-40,-55and -70 V) was applied to sequential survey scans
and MS/MS scans; the MS/MS CV was always paired with the appropri-
ate CV from the corresponding survey scan.

For phosphopeptide samples, 5 pl were loaded and eluted with a
70-mingradientstarting at 3% buffer B followed by a stepwise increase
t019%in40 min,41%in20 min, 90% in 5minand 95% in 5 min. The mass
spectrometer was operated in DIAmode witha full scan range of 300-
1,400 m/zat 120,000 resolution at 200 m/z and a maximum fill time
of 60 ms. One full scan was followed by 32 windows with a resolution
0f30,000. Normalized AGC target and maximum fill time were set to
1,000%and 54 ms, respectively, in profile mode using positive polarity.
Precursorions were fragmented by HCD (NCE stepped 25-27.5-30%).
For thelibrary generation, we enriched A549 cell lysates for phospho-
peptides and measured them with 7 different CV settings (-30, -40,
-50,-60,-70,-80 or =90 V) using the same DIA method. The noted
CVswere applied to the FAIMS electrodes throughout the analysis.

For the analysis of K-e-GG peptide samples, half of the samples were
loaded. We used a120-min gradient starting at 3% buffer B followed by
astepwise increase to 7% in 6 min, 20% in 49 min, 36% in 39 min, 45%
in10 min and 95% in 4 min. The buffer B concentration stayed at 95%
for 4 min, decreased to 5% in 4 min and stayed there for 4 min. The
mass spectrometer was operated in DIA mode with a full scan range of
300-1,350 m/zat120,000 resolution at m/z200, normalized AGC target
of300% and a maximum fill time of 20 ms. One full scan was followed
by 46 windows with aresolution of 30,000. Normalized AGC target and
maximum fill time were set to1,000% and 54 ms, respectively, in profile
mode using positive polarity. Precursor ions were fragmented by HCD
(NCE 28%). For K-¢-GG peptide library, we mixed the first replicate of
each sample and measured them with eight different CV setting (-35,
-40,-45,-50,-55,-60,-70 or -80 V) using the same DIA method.

Processing of raw MS data

AP-MS data. Raw MS data files of AP-MS experiments conducted in
DDA mode were processed with MaxQuant (version 1.6.14) using the
standard settings and label-free quantification (LFQ) enabled (LFQ min
ratio count 1, normalization type none, stabilize large LFQ ratios disa-
bled). Spectrawere searched against forward and reverse sequences of
thereviewed human proteome including isoforms (UniprotKB, release
2019.10) and C-terminally HA-tagged SARS-CoV-2, SARS-CoVand HCoV
proteins by the built-in Andromeda search engine®.

In-house Juliascripts (https://doi.org/10.5281/zenod0.4541090) were
used todefine alternative protein groups: only the peptidesidentified
in AP-MS samples were considered for being 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.

Viral protein overexpression and DIA MS data. Spectronaut version13
(Biognosys) with the default settings was used to generate the proteome
libraries from DDA runs by combining files of respective fractionations
using the human fasta file (Uniprot, 2019.10, 42 431 entries) and viral
baitsequences. Proteome DIA files were analysed using the proteome
library withthe default settings and disabled cross run normalization.

SARS-CoV-2/SARS-CoV-infected proteome/PTM DIA MS data.
Spectronaut version 14 (Biognosys)®* was used to generate the libraries
and analyse all DIA files using the human fasta file (UniprotKB, release
2019.10) and sequences of SARS-CoV-2/SARS-CoV proteins (UniProt,
release 2020.08). Orfla polyprotein sequences were splitinto separate

protein chains according to the cleavage positions specified in the
UniProt. For the generation of the PTM-specific libraries, the DIA single
CVrunswere combined with the actual DIA runs and either phospho-
rylationat serine, threonine or tyrosine, or GlyGly atlysine, was added
as variable modification to default settings. The maximum number
of fragment ions per peptide was increased to 25. The proteome DIA
files were analysed using direct DIA approach with default settings and
disabled cross run normalization. All post-translational modification
DIA files were analysed using their respective hybrid library and either
phosphorylation at Serine/Threonine/Tyrosine or GlyGly at Lysine was
added as an additional variable modification to default settings with
LOESS normalization and disabled PTM localization filter.

A collection of in-house Julia scripts(https://doi.org/10.5281/
zen0do.4541090) were used to process the elution group (EG) -level
Spectronaut reports, identify PTMs and assign EG-level measurements
toPTMs. The PTM was considered if at least once it was detected with
>0.75 localization probability in EG with g-value <107, For further
analysis of given PTM, only the measurements with >0.5 localization
probability and EG g-value <10 > were used.

Bioinformatic analysis

Unless otherwise specified, the bioinformatic analysis was doneinR
(version 3.6), Julia (version 1.5) and Python (version 3.8) using a collec-
tionofin-house scripts (https://doi.org/10.5281/zenod0.4541090 and
https://doi.org/10.5281/zenodo.4541082).

Datasets. The following public datasets were used in the study:
Gene Ontology and Reactome annotations (http://download.baderlab.
org/EM_Genesets/April_01_2019/Human/UniProt/Human_GO_AllPath
ways_with_GO_iea_April_01_2019_UniProt.gmt); IntAct Protein In-
teractions (https://www.ebi.ac.uk/intact/, v2019.12); IntAct Protein
Complexes (https://www.ebi.ac.uk/complexportal/home, v2019.12);
CORUM Protein Complexes (http://mips.helmholtz-muenchen.de/
corum/download/allComplexes.xml.zip, v2018.3); Reactome Func-
tional Interactions (https://reactome.org/download/tools/Reatome-
Fls/FIsinGene_020720_with_annotations.txt.zip); Human (v2019.10),
Human-CoV, SARS-CoV-2and SARS-CoV (v2020.08) protein sequences:
https://uniprot.org.

Statistical analysis of MS data. MaxQuant and Spectronaut output
files were imported into R using in-house maxquantUtils R package
(https://doi.org/10.5281/zenodo.4536603). For all MS datasets, the
Bayesian linear random effects models were used to define how the
abundances of proteins change between the conditions. Tospecify and
fitthe models we used the msglm R package (https://doi.org/10.5281/
zenodo.4536605), which uses the rstan package (version 2.19) for
inferring the posterior distribution of the model parameters. In all
themodels, the effects corresponding to the experimental conditions
have regularized horseshoe+ priors®, whereas the batch effects have
normally distributed priors. Laplacian distribution was used to model
theinstrumental error of MSintensities. For each MSinstrument used,
the heteroscedastic intensities noise model was calibrated with the
technical replicate MS data of the instrument. These data were also used
tocalibrate the logit-based model of missing MS data (the probability
that the MSinstrument 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
multiplier of each individual MS sample to match the expected MS
intensity of that sample. This allows taking the signal-to-noise varia-
tion between the samples into account when fitting the model. Due to
high computational intensity, the model was applied to each protein
group separately. Forallthe models, 4,000 iterations (2,000 warmup
+2,000 sampling) of the no-U-turn Markov Chain Monte Carlo were
performedin7or8independent chains, every 4th sample was collected
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for posterior distribution of the model parameters. For estimating the
statistical significance of protein abundance changes between the two
experimental conditions, the P-value was defined as the probability that
arandomsample from the posterior distribution of the first condition
would be smaller (or larger) than a random sample drawn from the
second condition. No-multiple hypothesis testing corrections were
applied, since thisis handled by the choice of the model priors.

Statistical analysis of AP-MS data and filtering for specific interac-
tions. The statistical model was applied directly to the MSlintensities
of protein group-specific LC peaks (evidence.txt table of MaxQuant
output). In R GLM formula language, the model could be specified as

log(Intensity) =1+ APMS + Bait + Bait : Virus + MS1peak + MSbatch,

where the APMS effect models the average shift of intensitiesin AP-MS
datain comparison to full proteome samples, Bait is the average enrich-
ment of a protein in AP-MS experiments of homologous proteins of
both SARS-CoV and SARS-CoV-2, and Bait:Virus corresponds to the
virus-specific changesin protein enrichment. MS1peakis the log ratio
between theintensity of agiven peak and the total protein abundance
(the peak is defined by its peptide sequence, PTMs and the charge; it
isassumed that the peak ratios do not depend on experimental condi-
tions”), and MSbatch accounts for batch-specific variations of protein
intensity. APMS, Bait and Bait:Virus effects were used toreconstruct the
batch effect-free abundance of the protein in AP-MS samples.

The modelling 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 background, which was
dynamically defined for each interaction to contain the data from all
other baits, where the abundance of the candidate was within 50-90%
percentile range (excluding top 10% baits from the background allowed
the protein to be shared by a few baits in the resulting AP-MS network).
The non-targeting control and Gaussian luciferase baits were always
preserved in the background. Similarly, to filter out any potential
side-effects of very high bait protein expression, the ORF3 homo-
logues were always present in the background of M interactors and
vice versa. Torule out the influence of the batch effects, the second
testwasapplied. It was defined similarly to the first one, but the back-
ground was constrained to the baits of the same batch, and 40-80%
percentile range was used. Inboth tests, the protein hasto be fourfold
enriched over the background (16 fold for highly expressed baits: ORF3,
M, NSP13,NSPS, NSP6, ORF3a, ORF7b, ORF8b and HCoV-229E ORF4a)
with P-value<107.

Additionally, we excluded the proteins that, in the viral protein
expression data, have shown upregulation, and their enrichment in
AP-MS data was less than 16 times stronger than observed upregula-
tion effects. Finally, to exclude the carryover of material between the
samples sequentially analysed by MS, we removed the putative inter-
actors, which were also enriched at higher 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 enrich-
ment of the shared interactors to adjust for the bait expression varia-
tion). Specificinteractions have to be fourfold enriched in comparison
to the homologue with P-value <107

Statistical analysis of DIA proteome effects upon viral protein over-
expression. The statistical model of the viral protein overexpression
dataset was similarto AP-MS data, except that protein-level intensities
provided by Spectronaut were used. The PCA analysis of the protein
intensities has identified that the second principal component is as-
sociated with the batch-dependent variations between the samples.

Toexclude theirinfluence, this principal component wasadded to the
experimental design matrix as an additional batch effect.

Aswith AP-MS data, the two statistical tests were used toidentify the
significantly regulated proteins (column ‘is_change’in Supplementary
Table 3). First, the absolute value of median log,-fold change of the
protein abundance uponoverexpression of agivenviral proteinincom-
parison to the background had to be above 1.0 with P-value <10 *. The
background wasindividually defined for each analysed protein. It was
composed of experiments, where the abundance of given protein was
withinthe 20-80% percentile range of allmeasured samples. Second,
the protein had to be significantly regulated (same median log,-fold
change and P-value thresholds applied) against the batch-specific back-
ground (defined similarly to the global background, but using only the
samples of the same batch).

Anadditional stringent criterion was applied to select the most sig-
nificant changes (column ‘is_top_change’in Supplementary Table 3;
Extended Data Fig. 1i).

For each protein we classified bait-induced changes as: ‘high’ when
|median log, fold-change| > 1and P-value <10 " both in background
and batch comparisons; ‘medium’ if 10 ' < P-value < 10 * with same
fold-change requirement; and ‘low’ if 10 * < P-value < 10 2 with the
same fold-change requirement. All other changes were considered
non-significant.

We then required that ‘shared’ top-regulated proteins should have
exactly one pair of SARS-CoV-2 and SARS-CoV high- or medium-
significant homologous baits among the baits with either up- or down-
regulated changes and no other baits with significant changes of the
same type.

We further defined ‘SARS-CoV-2-specific’ or ‘SARS-CoV-specific’
top-regulated proteins to be the ones with exactly one high-significant
change, and no other significant changes of the same sign. For ‘specific’
hits we additionally required thatin the comparison of high-significant
bait to its homologue |median log, fold-change| >1and P-value<10°,
When the homologous bait was missing (SARS-CoV-2NSP1, SARS-CoV
ORF8a and SARS-CoV ORF8b), we instead required that in the com-
parison of the high-significant change to the background |median
log, fold-change| >1.5.

The resulting network of most affected proteins was imported and
prepared for publication in Cytoscape v.3.8.1°.

Statistical analysis of DIA proteomic data of SARS-CoV-2 and
SARS-CoV-infected A549-ACE2 cells. Similarly to the AP-MS DDA
data, the linear Bayesian model was applied to the EG-level intensi-
ties. To model the protein intensity, the following linear model (in R
notation) was used:

log(Intensity()) ~ 1+ Y (after(t;) + (infection +CoV2): after(t;))
st
+ EG,

wherethe after(t,) effect corresponds to the protein abundance changes
inmock-infected samples that happened between¢;_, and ¢;after infec-
tionand itis applied to the modelled intensity at all time points start-
ing from ¢;; infection:after(t,) (¢;= 6,12, 24) is the common effect of
SARS-CoV-2 and SARS-CoV infections occurring between ¢, and ¢;;
CoV2:after(t,) is the virus-specific effect within ¢, , and ¢, hpi that is added
to the log intensity for SARS-CoV-2-infected samples and subtracted
fromtheintensity for SARS-CoV ones; EGis the elution group-specific
shiftin the measured log-intensities.

The absolute value of median log, fold change between the condi-
tions above 0.25 and the corresponding unadjusted P-value <10 >were
used to define the significant changes at a given time point in com-
parison to mock infection. We also required that the protein group is
quantifiedinatleast tworeplicates of at least one of the compared con-
ditions. Additionally, if for one of the viruses (for example, SARS-CoV-2)
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only the less stringent condition (l/median log, fold-change| = 0.125,
P-value <10?) was fulfilled, but the change was significantin the infec-
tion of the other virus (SARS-CoV), and the difference between the
viruses was not significant, the observed changes were considered
significant for both viruses.

Statistical analysis of DIA phosphoproteome and ubiquitinome
data of SARS-CoV-2 and SARS-CoV infections. The data from single-
double-andtriple-modified peptides were analysed separately and, for
agiven PTM, the most significant result was reported.

The datawere analysed with the same Bayesian linear model as pro-
teome SARS-CoV and SARS-CoV-2 infection data. In addition to the
intensities normalization, for each replicate sample the scale of the
effectsin the experimental design matrix was adjusted, sothatonaver-
age the correlation between log fold changes of the replicates was 1:1.
The same logic as for the proteome analysis, was applied to identify
significant changes, but the median log, fold change had to be larger
than 0.5, or 0.25 for the less stringent test. We additionally required
that the PTM peptides are quantified in at least two replicates of at
least one of the compared conditions. To ignore the changes in PTM
siteintensities thatare due to proteome-level regulation, we excluded
PTM sites on significantly regulated proteins if the directions of pro-
tein and PTM site changes were the same and the difference between
their median log, fold changes was less than two. Phosphoproteom-
ics data were further analysed with Ingenuity Pathway Analysis soft-
ware (Qiagen; https://www.qgiagenbioinformatics.com/products/
ingenuity-pathway-analysis)

Transcriptomic analysis of SARS-CoV-2 and SARS-CoV infected
A549-ACE2 cells. For the analysis of the transcriptome data, Gen-
codegeneannotations v28 and the human reference genome GRCh38
were derived from the Gencode homepage (EMBL-EBI). Viral genomes
were derived from GenBank (SARS-CoV-2-LR824570.1,and SARS-CoV
- AY291315.1). Dropseq tool v1.12 was used for mapping raw sequenc-
ing data to the reference genome. The resulting UMI filtered count
matrix was imported into R v3.4.4. CPM (counts per million) values
were calculated for the raw data and genes having amean cpm value
less than1were removed from the dataset. Adummy variable combin-
ing the covariates infection status (mock, SARS-CoV, SARS-CoV-2) and
time point was used for modelling the datawithin Limma (v3.46.0)®.

Datawere transformed with the Voom method® followed by quantile
normalization. Differential testing was performed between infection
states atindividual time points by calculating moderated ¢-statistics and
P-values for each host gene. A gene was considered to be significantly
regulated if the false discovery rate-adjusted P-value was below 0.05.

Gene setenrichment analysis. We used Gene Ontology, Reactome and
other EnrichmentMap gene sets of human proteins (version 2020.10)™
aswell as protein complexes annotations from IntAct Complex Portal
(version2019.11)" and CORUM (version 2019)”%. PhosphoSitePlus (ver-
sion 2020.08) was used for known kinase-substrate and regulatory
sitesannotations, Perseus (version 1.6.14.0)>was used for annotation
of known kinase motifs. For transcription factor enrichment analysis
(Extended Data Fig. 2e) the significantly regulated transcripts were
submitted to ChEA3 web-based application™ and ENCODE data on
transcription factor-target gene associations were used”.

To find the non-redundant collection of annotations describing the
unique and shared features of multiple experimentsinadataset (Fig.1d,
Extended DataFig. 2I, m), we used in-house Julia package OptEnriched-
SetCover.jl (https://doi.org/10.5281/zenod0.4536596), which employs
evolutionary multi-objective optimization technique to find a collec-
tionof annotation terms that have both significant enrichmentsin the
individual experiments and minimal pairwise overlaps.

The resulting set of terms was further filtered by requiring that the
annotation term has to be significant with the specified unadjusted

Fisher’s exact test P-value cut-offin at least one of the experiments or
comparisons (the specific cut-offvalue isindicated in the figure legend
of the corresponding enrichment analysis).

The generation of diagonally-split heat maps was done with the
Vegal.ite.jl package (https://github.com/queryverse/Vegal.ite.jl).

Viral PTMs alignment. For matching the PTMs of SARS-CoV-2 and
SARS-CoV the protein sequences were aligned using the BioAlignments.
jlJulia package (v.2.0; https://github.com/Biojulia/BioAlignments.jl)
with the Needleman-Wunschalgorithm using BLOSUMS80 substitution
matrix, and applying -5 and -3 penalties for the gap and extension,
respectively.

Forthecellular proteins, we required that the viral phosphorylation
or ubiquitination site is observed with g-value <10~ and localization
probability > 0.75. For the PTMs with lower confidence (g-value< 102
and localization probability > 0.5) we required that the same site is
observed with high confidence at the matching position of the ortholo-
gous protein of the other virus.

Network diffusion analysis. To systematically detect functional in-
teractions, whichmay connect the cellular targets of each viral protein
(interactome dataset) with the downstream changes it induces on
proteome level (effectome dataset), we have used the network
diffusion-based HierarchicalHotNet method*® asimplemented inJulia
package HierarchicalHotNet.jl (https://doi.org/10.5281/zeno-
do.4536590). Specifically, for network diffusion with restart, we used
the ReactomeFI network (version 2019)* of cellular functional inter-
actions, reversing the direction of functional interaction (for example,
replacing kinase~substrate interaction with substrate~>kinase).
The proteins with significant abundance changes upon bait over-
expression (lmedian(log, fold change)| = 0.25, P <10 2 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
settow;= Imedianlogz(fold change)|- IIOgIOP—vaIue |, otherwise the
node weight was set to zero. The weight of the edge g;>g; was set to
w;;=1+w;, Therestart probability was set to 0.4, as suggested in the
original publication, so that the probability of the random walk to stay
inthedirect neighbourhood ofthe nodeis the same as the probability
to visit more distant nodes. To find the optimal cutting threshold of
the resulting hierarchical tree of strongly connected components
(SCCs) of the weighted graph corresponding to the stationary distribu-
tion of signal diffusion and to confirm the relevance of predicted func-
tional connections, the same procedure was applied to1,000 random
permutations of vertex weights as described in Reyna et al.* (vertex
weights are randomly shuffled between the vertices with similarinand
outdegrees). Since cutting the tree of SCCs atany threshold t (keeping
only the edges with weights above ¢) and collapsing each resulting SCC
intoasinglenode producesthe directed acyclic graph of connections
between SCCs, it allowed efficient enumeration of the paths fromthe
‘source’nodes (proteinsstrongly perturbed by viral protein expression
withvertexweight w, w>1.5) tothe ‘sink’ nodes (interactors of the viral
protein). At each threshold t, the average inverse of the path length
fromsource to sink nodes was calculated as:

B 1 5
Lavg<t) Nsource " Nsink % LSCC(p)'
where N, isthe number of sources, N, is the number of sinks, Ls.(p)
is the number of SCCs that the given path p from source to sink goes
through, and the sumis for all paths from sources to sinks. The metric
changes from 1 (all sources and sinks in the same SCC) to O (no or infi-
nitely long paths between sources and sinks). For the generation of the
diffusion networks we were using the t,, threshold that maximized
the difference between L;ég(t) for the real data and the third quartile

of L1 (¢)for randomly shuffled data.

avg
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In the generated SCC networks, the direction of the edges was
reverted back, and the results were exported as GraphML files using
in-house Julia scripts (https://doi.org/10.5281/zenod0.4541090). The
catalogue of the networks for each viral bait is available as Supple-
mentary Datal.

Toassess the significance of edgesin the resulting network, we calcu-
lated the P-value of the edge g;>g;as the probability that the transition
probability between the given pair of genes based on permuted datais
higher than the transition probability based on the real data:

P(wreal(gpgj) s wperm(gpgj))~

This P-value was stored as the ‘prob_perm_walkweight_greater’ edge
attribute of GraphML output. The specific subnetworks predicted by
the network diffusion (Fig.4b-d) were filtered for edges with P< 0.05.

When the g~g; connection was not present in the ReactomeFI net-
work, to recover the potential short pathways connecting g;and g,
ReactomeFIwas searched for intermediate g,nodes, suchthat the edges
grgiandg,~>g;are presentin ReactomeFI. Thelist of these short path-
ways is provided as the ‘flowpaths’ edge attribute in GraphML output.

The GraphML output of network diffusion was prepared for publica-
tion using yEd (v.3.20; https://www.yworks.com).

Intersection with other SARS coronavirus datasets. Theintersection
between the data generated by this study and other publicly avail-
able datasets was done using the information from respective sup-
plementary tables. When multiple viruses were used in a study, only
the comparisons with SARS-CoV and SARS-CoV-2 were included. For
time-resolved data, all time points up to 24 hpi were considered. The
dataset coverage was defined as the number of reported distinct protein
groups for proteomic studies and genes for transcriptomic studies.
Confidentinteractions or significant regulations were filtered accord-
ing to the criteria specified in the original study. A hit was considered
as‘confirmed’ whenit was significantbothin the present study and the
external dataand showed the same trend.

qRT-PCR analysis

RNAisolation from SARS-CoV and SARS-CoV-2 infected A549-ACE2 cells
was performed as described above (Qiagen). Five hundred nanograms
total RNA was used for reverse transcription with PrimeScript RT with
gDNA eraser (Takara). For relative transcript quantification PowerUp
SYBR Green (Applied Biosystems) was used. Primer sequences can be
provided uponrequest.

Co-immunoprecipitation and western blot analysis
HEK293T cells were transfected with pWPI plasmid encoding single
HA-tagged viral proteins, alone or together with pTO-SII-HA express-
ing host factor of interest. 48 h after transfection, cells were washed
in PBS, flash frozen in liquid nitrogen and kept at -80 °C until further
processing. Co-immunoprecipitation experiments were performed as
described previously™*¢, Inbrief, cellswere lysed in lysis buffer (50 mM
Tris-HCI pH 7.5,100 mM NaCl, 1.5 mM MgCl,, 0.2% (v/v) NP-40, 5% (v/v)
glycerol, cOmplete protease inhibitor cocktail (Roche), 0.5% (v/v) 750
U pl™' Sm DNase) and sonicated (5 min, 4 °C, 30 s on, 30 s off, low set-
tings; Bioruptor, Diagenode SA). HA or Streptactin beads were added
to cleared lysates and samples were incubated for 3 hat 4 °C under
constant rotation. Beads were washed six timesin the lysis buffer and
resuspendedin1x SDS sample buffer 62.5mM Tris-HCI pH 6.8, 2% SDS,
10%glycerol, 50 mM DTT, 0.01% bromophenol blue). After boiling for
Sminat95°C,afractionoftheinputlysateandelutionwereloaded on
NuPAGE Novex 4-12% Bis-Tris (Invitrogen), and further submitted to
western blotting using Amersham Protran nitrocellulose membranes.
Imaging was performed by HRP luminescence (ECL, Perkin Elmer).
SARS-CoV-2infected A549-ACE2 cell lysates were sonicated (10 min,
4°C,30son, 30 s off, low settings; Bioruptor, Diagenode). Protein

concentration was adjusted based on Pierce660 assay supplemented
with ionic detergent compatibility reagent. After boiling for Smin at
95°C and brief centrifugation at maximum speed, the samples were
loaded on NuPAGE Novex 4-12% Bis-Tris (Invitrogen), and blotted onto
0.22 pm Amersham Protran nitrocellulose membranes (Merck). Pri-
mary and secondary antibody stainings were performed according to
the manufacturer’srecommendations. Imaging was performed by HRP
luminescence using Femto kit (ThermoFischer Scientific) or Western
Lightning PlusECL kit (Perkin Elmer).

Mapping of post-translational modification sites on the NCTD
structure

N CTD dimers of SARS-CoV-2 (PDB: 6YUN) and SARS-CoV (PDB:
2CJR) were superimposed by aligning the a-carbons backbone over
111 residues (from position 253/254 to position 364/365 following
SARS-CoV-2/SARS-CoV numbering) by using the tool MatchMaker™
asimplemented in the Chimera software”. Ubiquitination sites were
visually inspected and mapped by using the PyMOL software (https://
pymol.org). Phosphorylation on Ser310/311was simulated in silicoby
using the PyTMs plugin asimplemented in PyMOL™. Inter-chain resi-
due contacts, dimer interface area, free energy and complex stability
were comparatively analysed between non-phosphorylated and phos-
phorylated SARS-CoV-2 and SARS-CoV N CTD by using the PDBePISA
server”. Poisson-Boltzmann electrostatic surface potential of native
and post-translationally modified N CTD was calculated by using the
PBEQ Solver tool on the CHARMM-GUI server by preserving existing
hydrogenbonds*’. Molecular graphics depictions were produced with
the PyMOL software.

Reporter assay and IFN bioassay

Thefollowing reporter constructs were used in this study: pISRE-luc was
purchased from Stratagene, EF1-a-ren was obtained from E. Giirlevik
(Department of Gastroenterology, Hepatology and Endocrinology,
Hannover Medical School, Germany), pCAGGS-Flag-RIG-Iwas obtained
from C. Basler (Department of Microbiology, Mount Sinai School of
Medicine, USA), pIRF1-GAS-ff-luc, pWPI-SMN1-flag and pWPI-NS5
(ZIKV)-HA was described previously***'.

For the reporter assay, HEK293-R1 cells were plated in 24-well
plates 24 h before transfection. Firefly reporter and Renilla transfec-
tion control were transfected together with plasmids expressing viral
proteins using polyethylenimine (PEI, Polysciences) for untreated and
treated conditions. In 18 h cells were stimulated for 8 h with a corre-
spondinginducer and collected in the passive lysis buffer (Promega).
Luminescence of Firefly and Renilla luciferases was measured using
dual-luciferase-reporter assay (Promega) according to the manufac-
turer’sinstructionsin a microplate reader (Tecan).

Totalamounts of IFN-a.and IFN-Bin cell supernatants were measured
by using 293T cells stably expressing the firefly luciferase gene under
the control of the mouse Mx1 promoter (Mx1-luc reporter cells)®. In
brief, HEK293-R1 cells were seeded, transfected with pCAGGS-flag-RIG-I
plus viral protein constructs and stimulated as described above. Cell
supernatants were collectedin 8 h. Mx1-luc reporter cells were seeded
into 96-well platesintriplicates and were treated 24 h later with superna-
tants. At16 hafterincubation, cells were lysed inthe passive lysis buffer
(Promega), and luminescence was measured with amicroplate reader
(Tecan). The assay sensitivity was determined by a standard curve.

Viral inhibitor assay

A549-ACE2 cells were seeded into 96-well plates in DMEM medium
(10% FCS, 100 pg ml ™' streptomycin, 100 IU ml™ penicillin) one day
beforeinfection. Six hours beforeinfection, or at the time ofinfection,
the medium was replaced with 100 pl of DMEM medium containing
either the compounds of interest or DMSO as a control. Infection was
performed by adding 10 pl of SARS-CoV-2-GFP (MOl of 3) per well and
plates were placedin the IncuCyte S3 Live-Cell Analysis System (Essen
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Bioscience), where whole well real-time images of mock (phase channel)
andinfected (GFP and phase channel) cells were captured every 4 h for
48 h. Cell viability (mock) and virus growth (mock and infected) were
assessed asthe cell confluence per well (phase area) and GFP areanor-
malized by cell confluence per well (GFP area/phase area) respectively
using IncuCyte S3 Software (Essen Bioscience; version 2019B rev2).

For comparative analysis of antiviral treatment activity against
SARS-CoV and SARS-CoV-2, A549-ACE2 cells were seeded in 24-well
plates, as previously described. Treatment was performed for 6 hwith
0.5 ml of DMEM medium containing either the compounds of inter-
est or DMSO as a control, and infected with SARS-CoV-Frankfurt-1or
SARS-CoV-2-MUC-IMB-1(MOI of 1) for 24 h. Total cellular RNA was col-
lected and analysed by RT-qPCR, as previously described.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

The raw sequencing data for this study have been deposited with the
ENA at EMBL-EBl under accession number PRJEB38744. The mass spec-
trometry proteomics data have been deposited to the ProteomeX-
change Consortium viathe PRIDE® partner repository with the dataset
identifiers PXD022282, PXD020461and PXD020222. Proteininterac-
tionsidentified in this study have been submitted to the IMEx (https:/
www.imexconsortium.org) consortium through IntAct® with theiden-
tifier IM-28109. The data and analysis results are accessible online via
the interactive web interface at https://covinet.innatelab.org.

Code availability

In-house Rand Julia packages and scripts used for the bioinformatics
analysis of the data have been deposited to public GitHub repositories:
https://doi.org/10.5281/zenodo.4536605, https://doi.org/10.5281/
zeno0do.4536603, https://doi.org/10.5281/zenod0.4536590, https://doi.
org/10.5281/zenod0.4536596, https://doi.org/10.5281/zenod0.4541090
and https://doi.org/10.5281/zenod0.4541082.
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The recognition of bacteria and the stimulation of the immune system through
nucleotide-binding oligomerization domain (NOD) proteins NOD1 and NOD2 has a
crucial role in the clearance of bacterial pathogens. Receptor-interacting
serine/threonine-protein kinase 2 (RIPK2) is important in the NOD mediated signaling
cascade and subject to modulation by phosphorylation and ubiquitination [193, 194].
Our study investigated the role of phosphorylation and ubiquitination on RIPK2
regulation and identified a new regulatory region of RIPK2 that is important for X-linked
inhibitor of apoptosis protein (XIAP) engagement and NOD signaling.

In this study, | identified relevant ubiquitination sites induced through NOD signaling by
MS-based large-scale ubiquitinome analysis. These results were essential to

characterize the ubiquitination sites on RIPK2.
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Abstract

Signaling via the intracellular pathogen receptors nucleotide-binding
oligomerization domain-containing proteins NOD1 and NOD2
requires receptor interacting kinase 2 (RIPK2), an adaptor kinase that
can be targeted for the treatment of various inflammatory diseases.
However, the molecular mechanisms of how RIPK2 contributes to
NOD signaling are not completely understood. We generated FLAG-
tagged RIPK2 knock-in mice using CRISPR/Cas9 technology to study
NOD signaling mechanisms at the endogenous level. Using cells from
these mice, we were able to generate a detailed map of post-transla-
tional modifications on RIPK2. Similar to other reports, we did not
detect ubiquitination of RIPK2 lysine 209 during NOD2 signaling.
However, using site-directed mutagenesis we identified a new regu-
latory region on RIPK2, which dictates the crucial interaction with
the E3 ligase XIAP and downstream signaling outcomes.

Keywords inflammation; NOD signaling; RIPK2; ubiquitin; XIAP

Subject Categories Immunology; Post-translational Modifications &
Proteolysis
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Introduction

Nucleotide-binding oligomerization domain-containing (NOD) pro-
teins NOD1 and NOD2 are intracellular pathogen recognition recep-
tors (PRRs) that sense the bacterial peptidoglycan (PGN) fragments
v-D-Glu-m diaminopimelic acid (DAP) and muramyl dipeptide
(MDP), respectively (Girardin et al, 2003a,b). NOD1 and NOD2
play an important role in the clearance of bacterial pathogens,
including Mycobacterium tuberculosis (Lee et al, 2016), Listeria
monocytogenes (Jeong et al, 2014), and multiple Chlamydiae

&

species (Zou et al, 2016). Aberrant NOD signaling has long been
associated with a range of inflammatory disorders (Caruso et al,
2014; Philpott et al, 2014), and recent findings suggest that inhibi-
tion of the NOD pathways could be beneficial in the treatment of
allergic asthma (Miller et al, 2018) and type 2 diabetes mellitus
(T2DM) (Amar et al, 2011; Schertzer et al, 2011; Denou et al, 2015;
Cavallari et al, 2017).

Binding of the respective ligands to NOD1 and NOD2 leads to
their self-oligomerization (Maharana et al, 2015) and the recruit-
ment of receptor-interacting serine/threonine-protein kinase 2
(RIPK2) via homotypic caspase recruitment domain (CARD)-CARD
interactions (Inohara et al, 2000). RIPK2 is the essential adaptor
kinase in the NOD signaling pathway and drives nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-«kB) and mito-
gen-activated protein (MAP) kinase activation (Chin et al, 2002;
Park et al, 2007). The kinase activity of RIPK2 was initially reported
to be required for signal transduction and for critical autophospho-
rylation of RIPK2 on S176 in the activation loop of the kinase
domain (Dorsch et al, 2006) and Y474 in its CARD (Tigno-Aranjuez
et al, 2010). However, recent studies suggest that RIPK2 kinase
activity is dispensable for NF-xB activation and cytokine production
(Goncharov et al, 2018; Hrdinka et al, 2018). Furthermore, it has
been established that NOD signaling relies on ubiquitination of
RIPK2 (Tigno-Aranjuez et al, 2013). This process is coordinated by
multiple ubiquitin E3 ligases, including X-linked inhibitor of apopto-
sis protein (XIAP) (Krieg et al, 2009; Damgaard et al, 2012; Heim
et al, 2019). XIAP binds to the kinase domain of RIPK2 via its bac-
ulovirus IAP repeat 2 (BIR2) domain (Krieg et al, 2009; Bertrand
et al, 2011; Nachbur et al, 2015) and generates K63-linked polyubig-
uitin chains on multiple lysine residues (Goncharov et al, 2018).
This leads to the recruitment of the linear ubiquitin chain assembly
complex (LUBAC) (Damgaard et al, 2012) and the generation of M1-
linked polyubiquitin chains on RIPK2 that serve as binding plat-
forms for IkB kinase (IKK) and transforming growth factor beta-acti-
vated kinase 1 (TAK1) complexes.
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While the importance of XIAP and LUBAC for immune responses
mediated by NOD1 and NOD2 has been demonstrated in vitro and
in vivo, not much is known about the function of individual ubiquiti-
nation sites on RIPK2. A putatively ubiquitinated lysine residue on
RIPK2 (K209) was discovered more than 10 years ago in a systematic
screening of lysine to arginine mutations (K/R) that disrupted NF-«xB
activation in overexpression experiments (Hasegawa et al, 2008). A
subsequent study showed that the K209R mutation blocked RIPK2
ubiquitination and signaling (Tigno-Aranjuez et al, 2013), and it was
concluded that K209 is directly ubiquitinated and is indispensable for
NOD2 responses. Nevertheless, ubiquitination of RIPK2 on K209 has
not been demonstrated experimentally. Intriguingly, a recently pub-
lished proteomics experiment reported multiple ubiquitination sites
on RIPK2, but the authors did not identify K209 (Goncharov et al,
2018). Instead, they found ubiquitination sites on the C terminus of
RIPK2 and generated a K410R/KS38R double mutation that reduced
MDP-dependent responses of THP-1 cells. Altogether, this highlights
that our understanding of how post-translational modifications
(PTMs) of RIPK2 regulate NOD signaling is incomplete.

Due to the association with inflammatory diseases, pharmaceuti-
cal companies have invested in the development of inhibitors for
the NOD signaling pathway. RIPK2 has been established as a poten-
tial drug target, particularly in inflammatory bowel disease, and
RIPK2-targeting kinase inhibitors have been developed (Damgaard
et al, 2012; Tigno-Aranjuez et al, 2014; Nachbur et al, 2015). Recent
studies showed that the inhibition of NOD signaling is not directly
due to the inhibition of the kinase function of RIPK2, but rather by
the disruption of the RIPK2-XIAP interaction (Nachbur et al, 2015;
Goncharov et al, 2018; Hrdinka et al, 2018). This has led to the
hypothesis that protein-protein interaction inhibitors could be used
to treat NOD-driven diseases and highlights the need for a detailed
understanding of post-translational modifications on RIPK2.

A significant issue that has hindered our understanding of such
mechanisms of the NOD signaling pathway is the lack of specific bio-
chemical tools. Most studies have been limited to overexpression
experiments in cancer cell lines, which has many drawbacks includ-
ing the formation of artefactual interactions or altered protein activi-
ties (von Mering et al, 2002; Aebersold & Mann, 2003). In the context
of NOD signaling, it was shown that ectopic overexpression of NOD
receptor complex components leads to pathway activation indepen-
dent of PGN binding (McCarthy et al, 1998; Thome et al, 1998; Ogura
et al, 2001). To study NOD2 signaling mechanisms and investigate
the molecular determinants of RIPK2 activation, we established a new
mouse strain with endogenously FLAG-tagged RIPK2. This allowed us
to isolate RIPK2 from primary tissues and cells and to characterize the
PTMs on RIPK2 that occur during MDP-induced signaling at endoge-
nous levels. While we did not identify ubiquitination of the putative
ubiquitination site K209, we identified a novel regulatory region that
controls XIAP binding and is required for signal transduction.

Results and Discussion

FLAG-RIPK2 knock-in mice represent a novel tool to study
endogenous NOD signaling mechanisms

To study NOD signaling at the endogenous level and to investigate
how RIPK2 regulates signal transduction, we generated N-terminally
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FLAG-tagged RIPK2 knock-in mice by microinjection of single guide
RNAs (sgRNAs), recombinant Cas9 protein, and a dsDNA oligonu-
cleotide encoding the FLAG-tagged sequence of RIPK2 with homolo-
gous arms upstream and downstream of the sgRNA targeted region
into wild-type C57Bl/6 embryos (Fig EV1). Using this process, we
generated mice harboring the desired FLAG-tagged version of
RIPK2, as well as mice with defined insertions and deletions. After
backcrossing to C57Bl/6 mice, we established a FLAG-RIPK2 knock-
in mouse strain as well as a new RIPK2 knockout strain.

First, we explored the tissue distribution of RIPK2 by testing
homogenates from organs of FLAG-RIPK2 and wild-type mice by
Western blot. As the expression levels of RIPK2 in these organs
were too low for detection using anti-FLAG antibodies, we subjected
organ homogenates to anti-FLAG immunoprecipitation (Fig 1A) and
probed the supernatants from boiled beads for the presence of
RIPK2. We found high levels of FLAG-RIPK2 in homogenates from
the lung and the spleen, and lower amounts in the brain, colon,
small intestine, skin, and liver. We did not detect FLAG-RIPK2 in
the kidney.

We then tested the functionality of FLAG-RIPK2 using IFNy-
primed bone marrow-derived macrophages (BMDMs). Priming with
IFNy is required for the BMDMs to take up and respond to MDP
(Fekete et al, 2017). Upon MDP stimulation, cells generated from
homozygous (KI/KI) or heterozygous (WT/KI) FLAG-RIPK2 mice
induced NF-kB and MAP kinase pathways equivalent to wild-type
cells (Fig 1B). Western blot for RIPK2 also revealed even expression
levels between wild-type and FLAG-tagged versions of RIPK2, which
was particularly clear in the heterozygote samples (Fig 1B). After
stimulation with MDP, ubiquitination of FLAG-RIPK2 in BMDMs
from knock-in mice was comparable to ubiquitination of RIPK2 in
cells from wild-type mice (Fig EV2). As expected, cells generated
from our new strain of RIPK2 knockout mice were unresponsive to
MDP and did not express detectable RIPK2. Cytokine production of
BMDMs after MDP stimulation was then measured by ELISA
(Fig 1C). In IFNy-primed wild-type and FLAG-RIPK2 BMDMs, treat-
ment of MDP induced the secretion of TNF, IL-6, and MCP-1 at
equal levels, while RIPK2 KO BMDMs were unresponsive. To con-
firm that NOD2-dependent responses in FLAG-RIPK2 mice were
indistinguishable from wild-type mice in vivo, we intraperitoneally
(i.p.) injected MDP or PBS into wild-type, FLAG-RIPK2 and RIPK2
knockout mice and measured cytokine levels in the serum by ELISA
(Fig 1D). MDP challenge caused a reproducible increase in the
levels of IL-6 and TNF in the serum of wild-type and knock-in mice.
In RIPK2 deficient mice, MDP injection did not result in an increase
of cytokines. Altogether these data show that FLAG-RIPK2 mice
and primary cells from these mice responded normally to NOD2
stimulation.

Post-translational modifications on RIPK2

Initially, it was thought that the kinase activity of RIPK2 was
required for signaling down stream of NOD receptors (Nembrini
et al, 2009). Recently, however, two groups independently showed
that it is dispensable for NOD mediated NF-xB activation and cyto-
kine production (Goncharov et al, 2018; Hrdinka et al, 2018),
although it is an open question whether the kinase activity is impor-
tant in other RIPK2-regulated cellular processes, such as autophagy
(Cooney et al, 2010; Homer et al, 2010; Anand et al, 2011; Lupfer
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Figure 1. Flag-RIPK2 knock-in mice as a tool to study
A

subjected to anti-FLAG immunoprecipitation and immunoblotting.
B

Tissue distribution of RIPK2 determined by anti-FLAG immunoprecipitation. Organ homogenates from WT (wild-type) and KI (homozygous FLAG-RIPK2) mice were

Inflammatory signaling in wild-type (WT/WT), RIPK2 CRISPR KO (KO/KO), and FLAG-RIPK2 heterozygous (WT/KI) and homozygous (Ki/KI) BMDMs. BMDMs were primed

with IFNy, stimulated with MDP for indicated times, and analyzed by immunoblotting.

G

Cytokine production of RIPK2 CRISPR KO (KO), wild-type (WT), and FLAG-RIPK2 heterozygous (WT/KI) and homozygous (KI/KI) BMDMs in response to MDP. BMDMs

were left untreated or treated with IFNy alone or IFNy and MDP overnight and cytokines were measured by ELISA. N = 5-8 mice. Shown is average + SEM.

P > 0.05; **P < 0.01; ****P < 0.0001; two-way ANOVA.

Serum cytokines in RIPK2 CRISPR KO (KO), wild-type (WT), and FLAG-RIPK2 heterozygous (WT/KI) or homozygous (KI/KI) mice after i.p. MDP administration. Mice were

injected i.p. with PBS or MDP, sacrificed after 4 h and serum cytokines were measured by ELISA. N = 3-6 mice. Shown is average + SEM. "P > 0.05; **P < 0.01;

two-way ANOVA.

et al, 2013). These studies indicate that it is rather post-translational
modification, particularly ubiquitination of the adaptor protein
RIPK2, that is the critical mediator of NOD/RIPK2 signaling.
Although it has been demonstrated that RIPK2 is post-translationally
modified during signaling, we did not observe ubiquitination of
RIPK2, as characterized by a high molecular weight smear on
Western blots, in whole-cell lysates of MDP-stimulated BMDMs
(Fig 1B). We also did not observe ubiquitination sites on RIPK2
when we performed anti-FLAG immunoprecipitation on MDP-stimu-
lated FLAG-RIPK2 BMDMs followed by mass spectrometry analysis
(Dataset EV1). These data indicate that the majority of cellular
RIPK2 is not ubiquitinated and not part of the NOD signaling com-
plex, even after stimulation, and suggests that an additional purifi-
cation step is required to investigate RIPK2 in its activated state.
Therefore, we established a sequential pulldown protocol to
enrich for the RIPK2 pool that participates in NOD2 signaling
complexes. IFNy-primed BMDMs were stimulated with MDP for
30 min and lysates were first enriched for ubiquitinated proteins
using glutathione S-transferase (GST)-ubiquitin associated domain
(UBA) bound to Sepharose beads (Hjerpe et al, 2009; Fiil et al,
2013). Bound proteins were then eluted with Glutathione, and elu-
ates were subjected to anti-FLAG immunoprecipitation, followed by

© 2020 The Authors

elution with 3x-FLAG peptide (Fig 2A). The first pulldown (UBA,
lane B) yielded a sample containing readily detectable levels of a
ladder of RIPK2 species suggestive of ubiquitination, as well as
many other ubiquitinated proteins (anti-ubiquitin, bottom panel).
The sample obtained by sequential pulldown with anti-FLAG (lane
C) also contained modified RIPK2; however, the background of
ubiquitinated proteins was significantly reduced, further suggesting
that this approach resulted in purification of activated RIPK2.
Tryptic digests of these samples were then generated and ana-
lyzed by mass spectrometry, revealing a substantial enrichment of
ubiquitin and RIPK2 peptides. To specifically determine stimulation-
dependent PTMs on RIPK2, this dataset was compared with datasets
obtained from FLAG pulldowns of unstimulated BMDMs. In unstim-
ulated BMDMs, only one single K-e-diglycine site (diGly, diglycine
remnant on lysine after tryptic digestion of ubiquitinated proteins)
on RIPK2 was observed at the C-terminal end of the kinase domain
(K310). In contrast, MDP-stimulated BMDMs revealed multiple
RIPK2 ubiquitination sites within the kinase domain (K182, K203),
in the intermediate region (K326, K369) and in the CARD (K527,
K537) (Fig 2B). The function of most of the detected sites is still
uncharacterized; only one recent study showed that human THP-1
cells expressing a K410R/K538R double mutant (human K538
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Figure 2. Identification of RIPK2 PTMs during NOD signaling by mass spectrometry.
A Two-step enrichment to isolate ubiquitinated RIPK2 from BMDMs. Protein lysates from FLAG-RIPK2 BMDMs (A) were sequentially subjected to ubiquitin enrichment
(UBA, B) and FLAG pulldown (C) prior to protein elution and subsequent mass spectrometry analysis.

@

Schematic representation of RIPK2 PTMs detected in MDP-stimulated vs. unstimulated BMDMs. Red: phosphorylation, green: ubiquitination. N = 3 experiments.

C DiGly modifications on RIPK2 in L18-MDP-stimulated vs. L18-MDP-unstimulated THP-1 cells determined by diGly proteomics. Shown are P values and log, differences
of modified peptides based on imputed values; t-test. Score: peptide identification score as determined by MaxQuant.
D Sequence conservation of stimulation-dependent modified serine (red) and lysine (green) residues among mammals. The degree of conservation is indicated by color

saturation.

corresponds to K537 in mice) display reduced NF-kB activation and
cytokine production. We were not able to detect the previously
described ubiquitination site K209 (Hasegawa et al, 2008) using our
stringent protocol.

Phosphopeptides on RIPK2 were detected in both unstimulated
and MDP-stimulated BMDMs. Stimulation-dependent phosphoryla-
tion was detected in the intermediate region (T320, S362, S373) and
the CARD (S539). The activation loop of RIPK2 was phosphorylated
on two residues (S176, S178); however, these phosphopeptides
were discovered in stimulated as well as in unstimulated cells. This
was surprising since phosphorylation of the kinase activation loop
is associated with RIPK2 activation (Dorsch et al, 2006; Rahman
et al, 2014).

To further confirm the physiological importance of the RIPK2
ubiquitination sites, we examined the ubiquinome of the human
monocytic cell line THP-1 employing diGly proteomics. In unstimu-
lated cells, we did not detect any diGly sites on RIPK2 but we consis-
tently observed several diGly marks after L18-MDP stimulation
(Fig 2C, Dataset EV2). The sites identified in THP-1 cells reflected
our results obtained using the sequential pulldown protocol in
mouse cells, validating our initial approach. All stimulation-depen-
dent diGly modifications that we detected on murine RIPK2 residues,
which are also conserved in humans, were detected in L18-MDP-
stimulated THP-1 cells (K182, K203, K326, K538). Additionally, two
diGly-modified lysines (K376, K410) that are not conserved in mice
were found. Again, with this second protocol using human cells, we
were not able to detect ubiquitination of K209. As expected, we did
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not detect any phosphorylation events on RIPK2 using this approach,
indicating that there are no simultaneous ubiquitination and phos-
phorylation events on a single peptide after tryptic digest.

Most PTMs on RIPK2 are redundant for NOD2 signaling

While multiple ubiquitin E3 ligases and deubiquitinases (DUBs)
have been suggested to regulate RIPK2 ubiquitination, the contribu-
tion of individual ubiquitination sites on RIPK2 has not been charac-
terized in endogenous systems so far. Here, we demonstrated that
RIPK2 is ubiquitinated on multiple lysine residues. This is not
unusual as many proteins become ubiquitinated on multiple sites
during signaling (Ball et al, 2016; Wagner et al, 2016). Typically,
there appears to be flexibility in the lysine residues that can be ubig-
uitinated and often mutation of a single lysine has little impact on
signaling. This is believed to be because E3 ligases are not usually
restricted to a specific motif, in the way that for example kinases or
caspases are, and can therefore be promiscuous in the lysine that
they modify (Petroski & Deshaies, 2003; Wu et al, 2003).

To assess the impact of individual RIPK2 PTMs on NOD signal-
ing, we generated mutants of lysine and serine residues that we
found to be modified upon NOD2 stimulation and are highly con-
served among mammals (Fig 2D). Additionally, we included con-
served sites that have previously been associated with RIPK2
activation (Fig 2D; Dorsch et al, 2006; Hasegawa et al, 2008; Tigno-
Aranjuez et al, 2010). These corresponded to K182, K203, K326,
K327, S363, K538, S539, and K209 in humans.

© 2020 The Authors
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We used these RIPK2 variants to test whether single ubiquitina- It was previously reported that K209 is critical for RIPK2 ubiquiti-
tion and phosphorylation sites on RIPK2 are critical for its function nation and NOD signaling (Hasegawa et al, 2008). However, we
in a close-to-endogenous setting. For this, we generated RIPK2-defi- observed that residual ubiquitination of RIPK2 K209R was still pre-

cient THP-1 cells by transient transfection with Cas9 and RIPK2 sent. Since RIPK2 K209R failed to activate NF-xB and to produce
sgRNA encoding plasmids and confirmed the knockout of RIPK2 by cytokines, and displayed reduced ubiquitination, we hypothesized
Western blot. These knockout cells were then transduced with doxy- that this mutation led to a loss of the critical K63- or M1-linked ubig-
cycline-inducible RIPK2 constructs to express RIPK2 at levels similar uitin chains. To test this hypothesis, cells reconstituted with wild-
to wild-type THP-1. In contrast to overexpression studies, expression type RIPK2 or K209R RIPK2 were stimulated with L18-MDP and sub-
of RIPK2 alone did not autoactivate NF-kB, but additional treatment jected to either UBA pulldown or to pulldowns with K63- or M1-
with L18-MDP-induced transient phosphorylation of p65 and IkBa chain-specific antibodies (Newton et al, 2008; Matsumoto et al,
and degradation of IxkBa (Fig 3A). Upon MDP stimulation, cells 2012). Compared to wild-type RIPK2, the ubiquitination of K209R
reconstituted with all mutant forms of RIPK2 activated NOD signal- was reduced in all pulldowns; however, K63- and M1-linked chains
ing normally, except the previously described K209R mutant. were still detected, indicating that the K209R mutant is still able to

After L18-MDP stimulation, we observed significantly reduced be ubiquitinated on other lysine residues (Fig 3D). These reduced
levels of IL-8 in RIPK2-deficient cells reconstituted with the K209R chains are, however, unable to induce downstream signaling which
mutant, while all other mutants produced equal amounts of IL-8 might explain the lack of global ubiquitination events after MDP
compared with either wild-type THP-1 cells or RIPK2-deficient cells stimulation in cells harboring the K209R mutation (Panda & Gekara,
reconstituted with wild-type RIPK2 (Fig 3B). 2018).

Notably, RIPK2 K209R was the only form of RIPK2 which Our results clearly indicate that most single phosphorylation and
seemed to present in a second, higher molecular weight band after ubiquitination events on RIPK2 are redundant. While this is the case
stimulation, similar to recently described Riposomes (Ellwanger for many signaling proteins, there are some exceptions to this gen-
et al, 2019). To test the impact of each individual modified site on eral rule. For example, mutation of K377 in RIPK1 has a profound
the ubiquitination pattern on RIPK2 during NOD signaling, cells effect on RIPK1 ubiquitination and TNFR1 induced activation of NF-

were subjected to UBA pulldowns and analyzed by Western blot. kB (O’Donnell et al, 2007). Our data as well as previous studies
Stimulation with L18-MDP led to distinct RIPK2 polyubiquitination could lead to the assumption that K209 is another similarly special
(Fig 3C) and the removal of single ubiquitination or phosphoryla- residue because the K209R mutation blocked overexpression-
tion sites, besides K209, did not affect RIPK2 ubiquitination. induced NF-kB activation and RIPK2 ubiquitination (Hasegawa
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Figure 3. Characterization of RIPK2 diGly- and phosphosite mutations.

A Activation of the NF-kB pathway by RIPK2 Lysine- and phosphosite mutants. RIPK2-deficient THP-1 cells reconstituted with wild-type RIPK2 or RIPK2 mutants were
stimulated with L18-MDP, harvested at indicated time points and activation of the NF-kB pathway was analyzed by immunoblotting.

B IL-8 production of wild-type THP-1 and RIPK2-deficient THP-1 cells reconstituted with wild-type RIPK2 or RIPK2 mutants and stimulated with L18-MDP was assessed
by ELISA. N = 4-8 experiments. Shown is average + SEM. *P < 0.05; two-way ANOVA.

C RIPK2 ubiquitination determined by UBA pulldown in RIPK2-deficient cells reconstituted with wild-type or mutant RIPK2 after stimulation with L18-MDP.

D Detection of K63- and M1-linked ubiquitin chains by UBA pulldown or pulldown with ubiquitin chain type-specific antibodies in RIPK2-deficient cells reconstituted
with wild-type or K209R RIPK2 after stimulation with L18-MDP.
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et al, 2008) and the mutant has a loss of function phenotype when
overexpressed together with ubiquitin in HEK 293T cells (Tigno-
Aranjuez et al, 2013). However, unlike K377 in RIPK1, K209 is on
the C-lobe of the kinase domain of RIPK2, which is already indica-
tive of a different function of this site.

K209 and 1212 form a regulatory region that influences
signal transduction

Since neither we nor others were able to detect ubiquitination of
K209 by mass spectrometry analysis (Goncharov et al, 2018), and
mutation of K209 reduced, but did not completely abolish K63 and
M1 linked ubiquitination of RIPK2 yet this same mutation stopped
NF-xB activation and cytokine production, we hypothesized that
K209 is not a critical ubiquitination site but serves a different func-
tion. K209 is located at the N-terminal end of oE helix in the C-lobe
of the kinase domain (Fig 4A; PDB 4C8B; (Canning et al, 2015)). It
is part of a hydrophobic pocket formed by amino acids of helix oE
and amino acids in the loop between helix oE and «EF, which are
suggestive of a regulatory interface. To test the hypothesis that dis-
ruption of this region prevents NOD2 signaling, we generated muta-
tions of amino acids K209 and 1208 that contribute to the making of

A C

N-lobe .
a-p-1IKBa
a-IKBa

a-RIPK2

Dox -
MDP (min) -

Valentin | Heim et al

this pocket. While K209 is invariant among vertebrates, 1208 is
replaced by valine in most vertebrate RIPK2 sequences (Fig 4B). We
also mutated 1212, which is part of the oE helix with its side chain
sitting deep within the pocket. 1212 is highly conserved and only
replaced by other hydrophobic amino acids, such as valine or
methionine, in some vertebrate species.

We reconstituted RIPK2-deficient THP-1 cells with the new RIPK2
mutants we generated and tested them for NF-xB activation, RIPK2
ubiquitination, and cytokine secretion. The expression levels of
these RIPK2 mutants seemed equivalent (Fig 4C). Conservative
1208V and 1212M mutations did not prevent activation of NF-kB or
the production of IL-8 after MDP stimulation (Fig 4D). In contrast,
cells that expressed the RIPK2 1212A mutant produced significantly
more IL-8 than cells expressing wild-type RIPK2, and markers of
NF-kB activation were similar or enhanced (Fig 4C and E). We also
observed enhanced ubiquitination after MDP stimulation of RIPK2
1212A compared with wild-type or other mutant forms of RIPK2
(Fig 4E). Finally, the substitution of isoleucine 212 with an aspartic
acid (1212D) completely blocked RIPK2 ubiquitination and NF-xB
activation. These results suggest that the C-lobe pocket is critical in
the regulation of RIPK2 activity and may act to recruit an E3 ligase,
such as XIAP, to the NOD signaling complex.
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Figure 4. Functional studies of RIPK2 mutations introduced in close proximity to K209R.
A Structural features of the RIPK2 kinase domain (left) and location of K209 within a hydrophobic pocket between helices «EF and aE (right). Shown is chain B of the
RIPK2 kinase in complex with ponatinib from PDB:4C8B. The electrostatic interaction potential is shown as a blue to red gradient.

B
background color saturation.

C Activation of the NF-xB pathway by RIPK2 pocket mutants. RIPK2-deficient THP-:

L18-MDP, harvested at indicated time points, and analyzed by immunoblotting.
D

Conservation of amino acids creating a hydrophobic pocket between helices aEF and oE. Degree of conservation among 227 vertebrate species indicated by

1 cells were reconstituted with wild-type RIPK2 or RIPK2 mutants, stimulated with

IL-8 production of RIPK2-deficient THP-1 cells reconstituted with wild-type RIPK2 or RIPK2 mutants and stimulated with L18-MDP was assessed by ELISA.

N = 3-8 experiments. Shown is average + SEM. "P > 0.05; *P < 0.05; ***P < 0.001; ****P < 0.0001; two-way ANOVA.

L18-MDP and subjected to UBA pulldown and immunoblotting.
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Ubiquitination of RIPK2 pocket mutants. RIPK2-deficient THP-1 cells were reconstituted with wild-type or mutant RIPK2, left unstimulated or stimulated with
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Figure 5. RIPK2 K209 and 1212 mediate XIAP binding.

A
immunoblotting.
B
recombinantly expressed XIAP-BIR2 and analyzed by immunoblotting.

While these data confirm previous reports that K209 is indispens-
able for NOD mediated NF-xB activation and cytokine production,
and that RIPK2 ubiquitination is impaired when K209 is mutated to
an arginine, the absence of direct ubiquitination of K209 indicated a
different mechanism than previously reported. The reason for this is
twofold: Firstly, we used two multi-replicate complementary experi-
mental approaches to determine the phosphorylation- and ubiquiti-
nation signature on RIPK2 upon activation. The fact that we
identified identical diGly sites on RIPK2 in mouse (BMDMs) and in
human (THP-1) gives high confidence in our datasets. Despite the
consistency of the PTM data across the two cell lines, we, like others
in the field, failed to observe a diGly site corresponding to K209.
Secondly, mutation of a residue in close proximity, but not directly
affecting K209, resulted in an even more dramatic impact on RIPK2
ubiquitination than mutation of K209 itself. This suggests that struc-
tural integrity of this region is critical for signal transduction. To this
end, we cannot exclude that our 1212D mutation rendered K209
inaccessible for ubiquitination, but further studies will be required
to examine this experimentally.

It should be noted that we not only failed to detect ubiquitinated
K209, but we also did not detect unmodified K209 in our datasets
on MDP-stimulated BMDMs or THP-1 cells. Nevertheless, when ana-
lyzing other datasets that identified RIPK2 in deep proteome and
pan-kinome experiments (utilizing broad specificity kinase inhibi-
tors to enrich for kinases), this region was readily identifiable as an
unmodified tryptic peptide (Creixell et al, 2015; Ruprecht et al,
2015; Slany et al, 2016; Klaeger et al, 2017). This could be because
we specifically enriched for activated RIPK2 in our protocols and we
did not use kinase inhibitors in our approaches. We therefore can-
not definitively refute the idea of K209 ubiquitination, although the
current evidence suggests that there may be as-yet other unidenti-
fied post-translational modifications hindering its identification.
Lastly, the fact that a third method did not lead to the detection of a
diGly site on RIPK2 K209 (Goncharov et al, 2018) hints to the direc-
tion that this particular portion of RIPK2 is more complex than cur-
rently understood.

Mutation of K209 and 1212 disrupts XIAP binding
An alternative explanation for the loss of the potential to activate
NF-kB and cytokine production of the K209R and 1212D mutations

is instability due to misfolding or impairment of the dimerization
potential. The equivalent expression levels of the RIPK2 mutants

© 2020 The Authors

Thermal stability assay using selected RIPK2 mutants. THP-1 cells expressing RIPK2 were subjected to heat treatment, and non-denatured fractions were analyzed by

Binding of RIPK2 to XIAP-BIR2. Lysates from RIPK2-deficient THP-1 cells reconstituted with WT or mutant RIPK2 were subjected to pulldown experiments with

suggested that the structural integrity of RIPK2 was not overtly com-
promised. However, to exclude a trivial explanation for the com-
plete lack of signaling of the 1212D mutant in particular, and more
rigorously show that the mutants retained their structural integrity,
we devised an intracellular thermal stability test (Fig SA) based on
reports that kinase inhibitors can increase the thermal stability of
their targeted kinases (Martinez Molina et al, 2013; Jafari et al,
2014; Alshareef et al, 2016; Martinez Molina & Nordlund, 2016;
Seashore-Ludlow et al, 2018). We modified this assay to examine
the effects of mutation on protein stability as a marker for structural
integrity, and we think that it could be more widely used to deter-
mine whether a particular mutation affects structural integrity in a
semi-quantitative manner.

At the physiological temperature of 37°C, wild-type RIPK2 and
all RIPK2 mutants were expressed at equal levels. With increased
temperature, all mutants displayed similar stability compared with
wild-type RIPK2. In particular, all 1212 mutants, 1212A (activating),
1212M (residue in Damselfish), and 1212D (inactivating) had an
almost identical thermal stability profile, strongly suggesting that
the mutations of this pocket had not caused major structural disrup-
tion. To estimate the effects of these mutations on the structural
integrity of RIPK2, we employed molecular modeling using the
DynaMut software (Rodrigues et al, 2018). This software predicted
that all the mutants increase rigidity of the oG region, the activation
loop, and a portion of the N-lobe «C helix with K209R(1.411 kcal/
mol) > 1212A(0.764 kcal/mol) > 1212D(0.38 kcal/mol) (Fig EV3).
Since this increased rigidity is predicted for both activating (1212A)
and inactivating (K209R, 1212D) mutations, it is unlikely to be the
cause of the loss of function.

The ubiquitin E3 ligase XIAP is indispensable for NOD2
responses in vitro and in vivo (Bauler et al, 2008; Krieg et al, 2009;
Damgaard et al, 2012; Stafford et al, 2018) and binds to the RIPK2
kinase domain via its Baculovirus IAP Repeat 2 (BIR2) domain
(Krieg et al, 2009; Damgaard et al, 2012). The structural determi-
nants underlying the interaction between the two proteins remain
unclear. The XIAP-BIR2 domain contains a deep and distinctive
hydrophobic cleft that typically mediates binding to proteins harbor-
ing an IAP-binding motif (IBM) as present in caspases or second
mitochondria-derived activator of caspases (SMAC) (Wu et al, 2000;
Verhagen et al, 2007). However, RIPK2 does not contain such a
motif. It is possible that XIAP binds to RIPK2 in a non-canonical
fashion, independently of an IBM. Such a mechanism has been
shown with the caspase Dronc and the XIAP homolog DIAP1 in
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Drosophila melanogaster. Binding of Dronc to DIAP1 is mediated via
a short 12-residue peptide located between the CARD and the pro-
tease domain of Dronc that binds into the hydrophobic cleft of the
DIAP in a similar fashion as observed in IBM-containing proteins.
Therefore, one explanation could be that the RIPK2-XIAP interaction
occurs in a similar, non-canonical fashion; however, the region
around K209 and 1212 has the shape of a pocket. The binding mode
of RIPK2 and XIAP-BIR2, therefore, would be completely different
from the previously observed interactions. Alternatively, XIAP could
bind somewhere else, and mutation of K209 and 1212 might lead to
conformational changes that have an impact on the structure or ori-
entation of the interaction interface. A region in the N-lobe of
RIPK2, in particular residues R36 and R41, was identified as a criti-
cal interaction region for the BIR2 of XIAP (Hrdinka et al, 2018).
However in all reported crystal structures, the RIPK2 kinase domain
is organized in head-to-tail dimers (PDB: 4C8B, SAR4, 6ESO, 6FUS,
5J79) and the regions around R36 and R41 are quite far apart from
K209 (approximately 40 A). According to these structures, it is unli-
kely that the BIR2 of XIAP binds both areas simultaneously, but the
reason for reduced binding of the K209R and 1212D mutant could be
due to conformational impairment or that it may have influenced
binding to XIAP indirectly.

To test whether mutation of K209 and 1212 disrupted XIAP bind-
ing, a purified, recombinant, GST-coupled BIR2 domain of XIAP was
used to precipitate RIPK2 from THP-1 lysates (Fig SB). Wild-type
RIPK2 was strongly enriched by XIAP-BIR2 pulldown, and 1212A
was even more abundant, correlating with the increased stimulus-
dependent ubiquitination of this mutant and increased cytokine
secretion compared with wild-type RIPK2. Binding of K209R and
1212D to the BIR2 of XIAP was, however, drastically reduced and
comparable to R41L, a RIPK2 mutant previously shown to have
impaired binding to XIAP (Hrdinka et al, 2018).

In recent studies, higher order intracellular signaling platforms
consisting of RIPK2 and NOD receptors were described (Gong et al,
2018; Pellegrini et al, 2018; Ellwanger et al, 2019). In particular,
inhibition of XIAP by either siRNA or by SMAC mimetic com-
pounds led to RIPK2-containing speck-like structures in cells, ter-
med Riposomes (Ellwanger et al, 2019). Here, we described two
mutations that perturbed the interaction between RIPK2 and XIAP.
On close examination, RIPK2 K209R seems to accumulate in a
higher order band in a Western blot after stimulation (Fig 3A),
consistent with the hypothesis that in the absence of XIAP, RIPK2
is moved to Triton-insoluble Riposomes. However, the RIPK2
1212D or the RIPK2 R41L mutations, which reduce RIPK2-XIAP
interaction to a similar level to the RIPK2 K209R mutation, did not
lead to an equivalent band in Western blots after stimulation.
Therefore, these new XIAP binding mutants will provide novel
insight into the mechanism and function of Riposome formation
and their relevance for NOD signaling.

Taken together, our work provides a detailed and systematic
map of post-translational modifications on RIPK2 during NOD sig-
naling, and we provide evidence that most single phosphorylation
and ubiquitination events on RIPK2 are redundant in systems with
close-to-endogenous levels of RIPK2. We identified a regulatory
region on RIPK2 which influences the crucial interaction with XIAP.
This region includes a pocket-shaped region around residues 1212
and K209 on the C-lobe of RIPK2’s kinase domain. Our findings give
an explanation to the conundrum that has plagued the field to date:
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why mutations of K209 reduce RIPK2 ubiquitination and block NOD
signaling, yet ubiquitination of K209 has never been detected experi-
mentally. As interfering with the RIPK2-XIAP interaction has
emerged as a strategy to inhibit NOD signaling, it is tempting to
speculate that this region could be targeted with small molecules for
the treatment of diseases with increased NOD signaling. Although
we cannot conclusively demonstrate that mutations in the region of
this pocket do not disrupt RIPK2 in a manner which may be impor-
tant for its function (kinase activity, autophagy, dimerization), our
data collectively suggest that site-directed mutagenesis of either
K209 or 1212 blocks RIPK2 ubiquitination and inflammatory signal-
ing by displacing XIAP.

Materials and Methods
Generation of FLAG-RIPK2 CRISPR knock-in mice

The FLAG-RIPK2 mice were generated by the MAGEC laboratory
(WEHI) as previously described (Kueh et al, 2017) on a C57BL/6J
background. To generate FLAG-RIPK2 mice, 20 ng/ul of Cas9
mRNA, 10 ng/pl of sgRNA (TGAACGGGGACGCCATCTGC;) and
40 ng/pl of oligo donor (GCCGCCCCGGGACCTAGCGCCGCGGCCAG
GGTCGGGCGGAGCCGCCGCGCAGCCGGAGCCATGGACTACAAAGA
CGATGACGATAAAGGATCTACCAACGGGGACGCCATCTGCAGCGCG
CTACCCCCCATCCCGTACCACAAGCTCGCCGACCTG) were injected
into the cytoplasm of fertilized one-cell stage embryos. Twenty-four
hours later, two-cell stage embryos were transferred into the oviducts
of pseudo-pregnant female mice. Viable offspring were genotyped by
next-generation sequencing.

Cell culture, generation of BMDMs, and stimulation protocols

Wild-type THP-1 cells and 293T cells were sourced from ATCC™.
THP-1 cells were cultured in RPMI supplemented with 8% FBS and
antibiotics (penicillin, streptomycin, GIBCO) at 37°C with 10% CO,
in a humidified incubator. 293T cells were cultured in DMEM
(GIBCO) with 8% FBS in the same conditions. BMDMs were gener-
ated from the femur and tibiae of mice and cultured for 6 days in
DMEM (InvivoGen) supplemented with 8% FBS (GIBCO) and 20%
1929 supernatant and antibiotics (penicillin, streptomycin). Cells
were then detached using trypsin-EDTA and replated in 12- and 24-
well tissue culture plates. Replated cultures of BMDMs were primed
with murine interferon-y (5 ng/ml, R&D Systems) overnight and
again 2 h before stimulation with MDP (10 pg/ml, InvivoGen).
THP-1 cells were stimulated with L18-MDP (200 ng/ml, Bachem).

Generation of RIPK2 CRISPR knockout THP-1 cells

RIPK2-deficient THP-1 cells were generated using a CRISPR/Cas9-
based knockout workflow as previously described (Schmid-Burgk
et al, 2014). Briefly, a sgRNA (GACCTGCGCTACCTGAGCCGCGG)
targeting RIPK2 was designed. THP-1 cells were nucleofected with
one plasmid expressing sgRNA and one expressing mCherry-Cas9
(pLKO.1- gRNA-CMV-GFP, CMV-mCherry-Cas9) using the SG Cell
Line 4D-Nucleofector™ X Kit S and a 4D-Nucleofector X unit.
mCherry-positive cells were sorted and cloned by limiting dilution.
After identifying clones, cells were replated and grown to identify
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RIPK2 knockout clones by assessing RIPK2 expression on Western
blot.

Intraperitoneal MDP injections

All in vivo experiments were performed according to the guidelines
of the animal ethics committee of WEHI, ethics approval (2011.014,
2014.004 and 2017.004). Sex- and age-matched littermate controls
were used within each experiment. For in vivo MDP challenge: wild-
type, RIPK2 knockout, and FLAG-RIPK2 knock-in (hetero- and
homozygous) mice were administered MDP (5 mg/kg, i.p. in 200 pl
PBS, Bachem) or PBS and sacrificed after 4 h. Peripheral blood was
collected by cardiac puncture.

Western blotting

Following stimulation, cells were lysed in 2 x SDS lysis buffer
(126 mM Tris-HCI pH 8, 20% v/v glycerol, 4% w/v SDS, 0.02% w/
v Bromophenolblue, 5% v/v 2-mercaptoethanol) and subjected to
repeated freeze/boil cycles. Samples were separated using SDS-
PAGE and transferred to polyvinylidene fluoride (PVDF) mem-
branes. The following antibodies were used for probing: rabbit anti-
RIPK2 (41428, Cell Signaling Technology), rabbit anti-RIPK2 (SC
22763, Santa Cruz), mouse anti-FLAG (F1804, Sigma), anti-B actin
(A-1978, Sigma), rabbit anti-p65 (631213, Upstate), rabbit anti-
phospho p65 (3033, Cell Signaling Technology), rabbit anti-phospho
p38 (9211, Cell Signaling Technology), mouse anti-phospho IxBa
(9246, Cell Signaling Technology), rabbit anti-IkBa (9242, Cell Sig-
naling Technology), mouse anti-ubiquitin (3936, Cell Signaling
Technology), rabbit anti-GAPDH (2118, Cell Signaling Technology),
human anti-K63-linked ubiquitin (Apu3.A8, Genentech), human
anti-M1-linked ubiquitin (1F11, Genentech), anti-K27-linked ubiqui-
tin (ab18153, abcam), goat anti-mouse Ig (1010-05), goat anti-rabbit
Ig (4010-05) and goat anti-rat Ig HRP (horseradish peroxidase, 3010-
05, Southern Biotech), and goat anti-human Ig (109-035-003, Jack-
son ImmunoResearch).

Cytokine measurement by ELISA

Cytokines from mouse serum or cell culture supernatant were mea-
sured by ELISA Kits for IL-6, IL-8, TNF, and MCP-1, respectively
(Invitrogen), according to the manufacturer’s instructions. Sera and
supernatants were diluted 1:10 for MCP-1 measurements.

Immunoprecipitation of RIPK2 from mouse tissues

Organs from 6 weeks old wild-type C57BL/6 mice and FLAG-RIPK2
knock-in mice were lysed in IP buffer (150 mM NaCl, 50 mM Tris
pH 7.5, 10% glycerol, 1% Triton X-100, 2 mM EDTA, all from
SIGMA) supplemented with protease inhibitors (cOmplete protease
inhibitor cocktail, Roche) using a TissueLyser II (Qiagen). Samples
were clarified by centrifugation at 17,000 x g for 30 min, the pro-
tein concentration was assessed using a BCA assay (Thermo
Fisher) and 2 mg of protein per lysate were subjected to anti-FLAG
immunoprecipitation using 15 ul of packed magnetic anti-FLAG
beads (M2, Sigma) for 4 h. Beads were washed three times in IP
buffer, eluted with 2x SDS sample buffer, and subjected to
immunoblotting.
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Ubiquitin enrichments (UBA, TUBE and pulldowns with K63- and
M1-specific ubiquitin antibodies)

20%10° THP-1 cells were treated with doxycycline (200 ng/ml) for
5h and stimulated with L18-MDP (200 ng/ml, Invitrogen) for
30 min, washed in PBS, and lysed in 1-2 ml IP buffer (150 mM
NaCl, 50 mM Tris pH 7.5, 10% glycerol, 1% Triton X-100, 2 mM
EDTA) with protease and phosphatase inhibitors and 5 mM n-ethyl-
maleimide (NEM). Samples were clarified by centrifugation at
17,000 x g for 15 min and added directly to 20 pl packed glu-
tathione sepharose beads pre-bound with 100 ng GST-TUBE
(Ubiquillin-UBA4x) or GST-UBA (Ubiquillin-UBA1x) (Hjerpe et al,
2009). Beads were incubated on a rotating wheel at 4°C for at least
2 h, washed three times with IP buffer, and eluted with 2x SDS
sample buffer.

To enrich for K63- and M1-linked ubiquitin species, 20¥10° THP-
1 cells were treated with doxycycline (200 ng/ml) for 5 h and stimu-
lated with L18-MDP (200 ng/ml, Invitrogen) for 30 min, washed
with PBS, and lysed in 1-2 ml IP buffer, as above, supplemented
with 6 M Urea (for anti-K63-linked ubiquitin pulldowns) or 8 M
Urea (for anti M1-linked ubiquitin pulldowns). Samples were clari-
fied by centrifugation at 17,000 x g for 15 min and 4 pg of anti-K63
or anti-M1-linked ubiquitin antibodies [Genentech; (Matsumoto
et al, 2012; Newton et al, 2008)] were added, followed by incuba-
tion on a rotating wheel at 4°C for at least 2 h. Antibodies were pre-
cipitated with 10 pl of equilibrated protein G agarose (Thermo),
washed three times in IP buffer without Urea, and eluted with
2x SDS sample buffer.

Two-step enrichment of modified RIPK2

Twelve dishes of confluent FLAG-RIPK2 BMDMs (equivalent of
approximately 25%10” cells or 25 mg of total protein) were primed
with IFNy (5 ng/ml) overnight and fresh IFNy was added the next
morning for another 2 h before stimulation with MDP (10 pg/ml)
for 30 min. Cells were harvested, washed in PBS, and lysed in 2 ml
IP buffer per dish (150 mM NacCl, 50 mM Tris pH 7.5, 10% glycerol,
1% Triton X-100, 2 mM EDTA; supplemented with protease and
phosphatase inhibitors and 5 mM n-ethylmaleimide (NEM)).
Lysates were clarified by centrifugation at 17,000 x g for 15 min,
and supernatants were directly added to 100 ul packed glutathione
sepharose beads pre-bound with 1 mg GST-UBA. Beads were incu-
bated on a rotating wheel at 4°C overnight, washed three times with
IP buffer, and eluted twice with two volumes of IP buffer supple-
mented with 20 mM reduced glutathione (pHed to 7.5). Elutions
were combined, diluted with an equal volume of IP buffer, and
added to 50 pl of packed magnetic anti-FLAG beads (M2, Sigma)
and incubated on a rotating wheel at 4°C for 4 h. Beads were
washed three times with IP buffer and eluted twice with two vol-
umes of 3x-FLAG peptide (1 mg/ml) in TBS pH 7.5.

BMDM diGly proteomics

For the two-step protocol in BMDMs, eluted protein material from
pulldowns of FLAG-RIPK2 expressing BMDMs was subjected to
tryptic digestion using the FASP method as previously described
(Wisniewski et al, 2009). Peptides were lyophilized using CentriVap
(Labconco) prior to reconstituting in 80 pl 0.1% FA/2% acetonitrile
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(ACN). Peptide mixtures were analyzed by nanoflow reversed-phase
liquid chromatography tandem mass spectrometry (LC-MS/MS) on
an M-Class HPLC (Waters) coupled to a Q Exactive Orbitrap mass
spectrometer (Thermo Fisher). Peptide mixtures were loaded in
buffer A (0.1% formic acid, 2% acetonitrile, Milli-Q water) and sep-
arated by reverse-phase chromatography using C;s fused silica
column (packed emitter, 1.D. 75 um, O.D. 360 pm x 25 cm length,
IonOpticks, Australia) using flow rates and data-dependent meth-
ods as previously described (Delconte et al, 2016; Kedzierski
et al, 2017).

THP-1 diGly proteomics

Frozen pellets from 50 x 10° WT THP-1 cells were lysed in 1%
sodium deoxycholate (SDC), 100 mM Tris—HCL pH 8.5, immediately
boiled for 5 min at 95°C and sonication for 30 s (Branson Soni-
fierer). Protein concentrations were estimated by tryptophan assay.
For protein reduction and alkylation, samples were incubated for
S min at 45°C after addition of tris(2-carboxyethyl)phosphine
(TCEP) and 2-chloroacetamide (CAA) to a final concentration of
10 mM and 40 mM, respectively. Samples were digested using
trypsin (1:20 w/w, Sigma-Aldrich) in combination with LysC (1/100
w/w, Wako) at 37°C overnight. Protease activity was quenched by
addition of four-sample volumes 1% trifluoroacetic acid (TFA) in
isopropanol. Quenched samples were loaded onto SDB-RPS car-
tridges (Strata™-X-C, 30 mg/3 ml, Phenomenex Inc), pre-equili-
brated with 4 ml 30% methanol (MeOH)/1% TFA, and washed
with 4 ml 0.2% TFA. After two washes with 4 ml 1%TFA in iso-
propanol and 1 wash with 0.2% TFA/2% acetonitrile (can), samples
were eluted twice with 2 ml 1.25% ammonium hydroxide(NH,OH)/
80% ACN. Eluted samples were diluted with ddH,0 to a final ACN
concentration of 35%, snap frozen, and dried by lyophilization.

Lyophilized peptides were reconstituted in IAP buffer (50 mM
MOPS, pH 7.2, 10 mM Na,HPO,, 50 mM NaCl), and the peptide
concentration was estimated by tryptophan assay. For proteome
analysis, 10 pg of peptide material was taken and desalted on SDB-
RPS StageTips (Empore) (Kulak et al, 2014). Peptides were diluted
to a final volume of 200 ul with 0.2% TFA and loaded onto
StageTips, followed by a wash with 200 ul of 0.2% TFA and 200 pl
of 0.2%TFA/2%ACN, respectively. Captured peptides were
eluted with 60 pl of 1.25% Ammonium hydroxide(NH,OH)/80%
ACN and dried using a SpeedVac centrifuge (Eppendorf, Con-
centrator plus). Dried peptides were resuspended in buffer
A* (2% ACN/0.1% TFA).

K-e-GG remnant containing peptides were enriched using the
PTMScan® Ubiquitin Remnant Motif (K-e-GG) Kit (Cell Signaling
Technology). Crosslinking of antibodies to beads and subsequent
immunopurification was performed with slight modifications as pre-
viously described (Udeshi et al, 2013). Briefly, cross-linked beads
were split equally into eight tubes (~ 31 pg of antibody per tube),
gently mixed with 1 mg peptide material (1 mg/ml) and incubated
for 1 h at 4°C. Beads were washed twice with cold IAP and five
times with cold ddH,O, and peptides were eluted twice with 50 pl
0.15% TFA. Eluted peptides were desalted and dried as described
above and resuspended in 5 pl buffer A* for LC/MS-MS analysis.

For the THP-1 diGly-enrichment analysis, samples were loaded
onto a 50 ¢cm reversed-phase column [75 pm inner diameter, packed
in house with ReproSil-Pur C18-AQ 1.9 pm resin (Dr. Maisch
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GmbH)]. The column temperature was maintained at 60°C using a
homemade column oven. 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. Nano
flow Liquid chromatography was performed with an EASY-nLC
1200 system (Thermo Fisher Scientific), which was directly coupled
online with the mass spectrometer (Q Exactive HF-X, Thermo Fisher
Scientific) via a nano-electrospray source. For proteome measure-
ments, 500 ng were loaded and eluted with a gradient starting at
5% buffer B and stepwise increased to 30% in 95 min, 60% in
5 min, and 95% in 5 min. The mass spectrometer was operated in
Topl5 data-dependent mode (DDA) with a full scan range of 300-
1,650 m/z at 60,000 resolution with an automatic gain control
(AGC) target of 3e6 and a maximum fill time of 20 ms. Precursor
ions 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 1e5, and
a maximum injection time of 28 ms. Dynamic exclusion was
enabled and set to 30 s.

For K-e-GG peptide samples, 2 ul were loaded and eluted with a
gradient starting at 3% buffer B and stepwise increased to 7% in
6 min, 20% in 49 min, 36% in 39 min, 45% in 10 min, and 95% in
4 min. The mass spectrometer was operated in Topl2 data-depen-
dent mode (DDA) with a full scan range of 250-1,350 m/z at 60,000
resolution with an automatic gain control (AGC) target of 3e6 and a
maximum fill time of 20 ms. Precursor ions were isolated with a
width of 1.4 m/z and fragmented by higher-energy collisional disso-
ciation (HCD) (NCE 28%). Fragment scans were performed at a res-
olution of 30,000, an AGC of 1e5 and a maximum injection time of
110 ms. Dynamic exclusion was enabled and set to 15 s.

MS data processing

For BMDM data sets, raw files consisting of high-resolution MS/MS
spectra were processed with MaxQuant (version 1.5.8.3) for feature
detection and protein identification using the Andromeda search
engine (Cox et al, 2011). Extracted peak lists were searched against
the UniProtKB/Swiss-Prot Mus musculus database (October 2016)
and a separate reverse decoy database to empirically assess the false
discovery rate (FDR) using strict trypsin specificity allowing up to
two missed cleavages. The minimum required peptide length was
set to seven amino acids. The mass tolerance for precursor ions and
fragment ions were 20 ppm and 0.5 Da, respectively. The search
included variable modifications of oxidation (methionine), amino-
terminal acetylation, carbamidomethyl (cysteine), GlyGly or ubiqui-
tination (lysine), phosphorylation (serine, threonine, or tyrosine),
and N-ethylmaleimide (cysteine). Raw MS data were also searched
with PEAKS, version 8 (Bioinformatics Solutions) using a Swiss-Prot
Human database and the same variable and fixed modifications as
described above. A 0.1% and 1% FDR cutoff were applied at the
PSM and peptide/protein levels, respectively.

Raw MS data from THP-1 cells were searched against the UniProt
Human FASTA (21,051 sequences) using MaxQuant (version
1.6.2.10) with a 1% FDR at peptide and protein levels. The match
and alignment time window for the match between run (MBR) algo-
rithm were set to 0.7 min and 20 min, respectively. A ratio count of
two was used for the MaxLFQ algorithm. Cysteine carbamidomethy-
lation was defined as fixed, protein N-terminal acetylation and
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methionine oxidation as variable modification. In case of K-e-GG
samples, “GlyGly (K)” was additionally selected as variable modifi-
cations. Enzyme specificity was set to trypsin and two missed cleav-
ages were allowed, while permitting a maximum of five
modifications per peptide.

Molecular modeling

The effects of K209R, 1212D, and 1212A mutations on the structural
integrity were modeled using the DynaMut software (Rodrigues et al,
2018) using the kinase domain of RIPK2 (PDB: 4C8B) as the input.

Recombinant protein purification

PGEX-6 P-1 or pGEX-6 P-3 plasmids encoding XIAP-BIR2, Ubiquillin-
UBAI1x (UBA), or Ubiquillin-UBA4x (TUBE; Hjerpe et al, 2009) were
transformed into BL21 (DE3)) bacteria and grown in Super broth
overnight at 37°C. Overnight culture was diluted 1:10 and grown
until OD595 was 0.8. Isopropylthiogalactoside (IPTG) (0.3 mM) was
added for 4 h at 30°C. Cells were pelleted and resuspended in Buffer
A (50 mM Tris pH 8.0, 50 mM NaCl, 1 mM EDTA, 1 mM DTT, 10%
glycerol, all from SIGMA) and sonicated. After centrifugation at
21,000 g for 30 min, the supernatant was incubated with glu-
tathione sepharose4B (GE Healthcare) for 4 h, washed five times
with Buffer A, and eluted 2 x 45 min with 10 mM reduced glu-
tathione in Buffer A at 4°C.

Generation of doxycycline-inducible cell lines

Sequences of full length hsRIPK2 with an N-terminal 3x-Flag tag were
synthesized by Genscript and cloned into doxycycline-inducible len-
tiviral expression vectors (pF_TRE3G_rtTAAd_puro (Takara Bio)).
For lentiviral transfections, 2.5 pg of the plasmid of choice was trans-
fected into HEK293T cells together with 1 pg pVSV-G and 1.5 pg
pCMVARS8.2 using an Effectene transfection kit (Qiagen). Twenty-
four hours after transfection, the media was changed and virus was
harvested after another 24 h. Media was filtered and supplemented
with polybrene (4 pg/ml). Viral media was then applied to cell lines,
centrifuged for 45 min at 1,000 g at 30°C. After 2 days of incubation,
cells were selected using 2.5 pg/ml puromycin (Sigma).

Thermal shift assay

5*10° THP-1 cells were treated with doxycycline (200 ng/ml, Sigma)
for 5 h, washed in PBS, and resuspended in PBS supplemented with
protease inhibitors. Cell suspensions were transferred into PCR
tubes and incubated for 3 min at a temperature gradient (37-60°C)
in a PCR machine. Samples were cooled to room temperature, lysed
by repeated freeze-thawing, and centrifuged at 20,000 g for 20 min
at 4°C. Supernatants were harvested and 2x SDS sample buffer was
added, before analysis by Western blot.

XIAP-BIR2 binding assay
20*10° THP-1 cells were treated with doxycycline (200 ng/ml, Sigma)
for 5 h, washed in PBS, and lysed in 1-2 ml IP buffer (150 mM NaCl,

50 mM Tris pH 7.5, 10% glycerol, 1% Triton X-100, 2 mM EDTA) with
cOmplete protease inhibitor cocktail, Roche, and phosphatase
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inhibitors (5 mM B-Glycerophosphate, 1 mM Sodium molybdate,
2 mM Sodium pyrophosphate, 10 mM Sodium fluoride) and 5 mM n-
ethylmaleimide (NEM, Sigma). Lysates were clarified by centrifugation
at 17,000 x gfor 15 min and added directly to 20 ul packed glutathione
sepharose beads pre-bound with 100 pg GST-XIAP-BIR2. Beads were
incubated on a rotating wheel at 4°C for at least 2 h, washed three
times with IP buffer, and eluted with 2x SDS sample buffer.

Statistical analysis

The P values were calculated using two-way ANOVA using Prism
v.8 (GraphPad). *P <0.05, **P<0.01, ***P<0.001, and
*#%xP < 0.0001; P values > 0.05 are indicated as not significant
(ns). Normal distribution was confirmed using the D’Agostino-Pear-
son test (Fig 3B), respectively, the Shapiro-Wilk test (Fig 4D) using
GraphPad PRISM software.

Data availability

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository
(Perez-Riverol et al, 2019) with the dataset identifier PXD017741
(http://www.ebi.ac.uk/pride/archive/projects/PXD017741).

Expanded View for this article is available online.
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Cellular functions rely on complex protein interaction networks that are governed by
dynamic regulations through reversible interactions of distinct sets of proteins. PTMs
play an important role in the orchestration of protein-protein interactions and the joint
investigation of protein interactions, their modifications and phenotypes are important to
decipher cellular signaling events. In this study, led by Dr. Annika Frauenstein, an
analysis strategy devising modifications, interactions and phenotypes by affinity
purification mass spectrometry (MIP-APMS) was developed to systematically dissect
cellular signaling checkpoints. With the MIP-APMS pipeline we dissected the mode of
action for MAPK14 inhibitors and the regulation of TRAF2 by dynamic phosphorylation
and ISGylation.

In this collaboration, | aided in the identification of ISGylation sites on TRAF2. ISG15 is
a ubiquitin-like protein that produces the same diGly remnants as ubiquitin after tryptic
digestion, which we used here to our advantage. To detect low abundant ISGylation
sites on TRAF2, we devised a workflow combining the MIP-APMS workflow with diGly

peptide enrichment which revealed two modifications sites on TRAF2.
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Abstract

Cells signal through rearrangements of protein communities
governed by covalent modifications and reversible interactions of
distinct sets of proteins. A method that identifies those post-
transcriptional modifications regulating signaling complex compo-
sition and functional phenotypes in one experimental setup would
facilitate an efficient identification of novel molecular signaling
checkpoints. Here, we devised modifications, interactions and
phenotypes by affinity purification mass spectrometry (MIP-APMS),
comprising the streamlined cloning and transduction of tagged
proteins into functionalized reporter cells as well as affinity chro-
matography, followed by MS-based quantification. We report the
time-resolved interplay of more than 50 previously undescribed
modification and hundreds of protein-protein interactions of 19
immune protein complexes in monocytes. Validation of interde-
pendencies between covalent, reversible, and functional protein
complex regulations by knockout or site-specific mutation revealed
ISGylation and phosphorylation of TRAF2 as well as ARHGEF18
interaction in Toll-like receptor 2 signaling. Moreover, we identify
distinct mechanisms of action for small molecule inhibitors of p38
(MAPK14). Our method provides a fast and cost-effective pipeline
for the molecular interrogation of protein communities in diverse
biological systems and primary cells.

Keywords mass spectrometry; posttranslational modifications; protein
interactions; proteomics; signaling networks
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Introduction

Cellular functions rely on complex molecular networks that are
mainly composed of proteins (Seet et al, 2006; Pan et al, 2012). Cell
type- and context-specific functions require a tight orchestration of
signaling, and their dysregulation is often associated with pathology
(Arkin et al, 2014). Experimental approaches that quantitatively
capture the mechanisms of dynamic signaling networks are there-
fore highly valuable for establishing causal links to cellular pheno-
types and the development of strategies for targeted interference.

Traditionally, the analysis of signal transduction mechanisms
has focused on proteins with annotated functions in a given biologi-
cal pathway. Pathway activation is probed with antibodies that
determine the abundance of posttranslational modifications (PTMs)
or interaction of selected proteins (protein—protein interactions,
PPIs). Although valuable for testing pre-defined molecular states of
selected proteins, the utility of this approach is limited by antibody
availability, and prior knowledge of molecular and functional rela-
tionships. While employing antibodies would be applicable irrespec-
tive of the cell type, the discrimination of direct and indirect, as well
as antibody-bound and bait-bound protein interactors, is often chal-
lenging because of limited antibody specificity (Marcon et al, 2015).
Conversely, while epitope tagging of selected proteins provides an
alternative that guarantees specific enrichment with stable back-
ground binders—a defined set of proteins adhering to the affinity
matrix—not all cell types are amenable to efficient genetic manipu-
lations. An optimal strategy would therefore combine efficient and
antibody-independent enrichment with universal applicability for
eukaryotic cell types.

Mass spectrometry (MS)-based proteomics allows the detection
of PTM and PPIs without prior knowledge. In recent years, MS-
based proteomics has advanced tremendously and transitioned from
identifying only a few proteins to comprehensively quantifying
cellular proteomes and identifying modified proteins and protein
interactions on a large scale (Larance & Lamond, 2015; Aebersold &
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Mann, 2016). As such, it provides systems-wide views of cellular
states with immense discovery potential, as indicated by large-scale
efforts to map the entire interactomes in yeast (Gavin et al, 2002;
Ho et al, 2002; Krogan et al, 2006), drosophila (Guruharsha et al,
2011), and human (Hein et al, 2013; Hein et al, 2015; Huttlin et al,
2015), kinase and phosphatase interactomes (Gingras et al, 2007;
Couzens et al, 2013; Yao et al, 2017; Buljan et al, 2020) as well as
global views of specific PTMs (Choudhary et al, 2009; Humphrey
et al, 2015; Lescarbeau et al, 2016; Liu et al, 2018).

Although it is well appreciated that the interplay of PTMs and
PPIs determines how biological responses are regulated, MS-based
technologies are almost always used to investigate PTMs and PPlIs
separately, and rely on distinct biochemical and analytical strate-
gies. Hence, the analysis of PPIs is bait-centric, and selected proteins
are affinity-enriched together with their interacting partners (Paul
et al, 2011). By contrast, PTM analysis generally focuses on a single
modification type (e.g., phosphorylation), wherein modified
peptides of all cellular proteins are affinity-enriched. Alternatively,
in order to classify PTMs on specific proteins, affinity purification
mass spectrometry (APMS) approaches with stringent washing and
lysis conditions have been performed at the expense of PPI elucida-
tion (Stutz et al, 2017; Pankow et al, 2019; Karayel et al, 2020).
Consequently, these two molecular modes of protein regulations are
experimentally disconnected, hampering the discovery of the rela-
tionships between PTMs and PPIs in cellular signaling pathways.
Furthermore, easy methods to simultaneously monitor different
PTM types in a single sample are missing. Conventional enrichment
strategies for distinct PTMs vary widely, and hence, mapping of
multiple PTMs usually requires several sequential or parallel
biochemical steps. This requires large amounts of starting material
and results in low-sample throughput, while comprehensiveness is
still limited as the enrichment strategies are tailored toward known
biochemical properties of selected PTMs. A method that would
capture in an unbiased manner all detectable PTMs in protein
complexes of interest is therefore needed so as to comprehensively
pinpoint molecular signaling checkpoints in complex biological
systems.

The functional evaluation of emerging PTMs and PPIs is a
common bottleneck in systems-wide discovery approaches. While
initial screens are often performed in an experimental system that
closely resembles cellular physiology, experimental validation of
hits among all discovered candidates frequently relies on loss- or
gain-of-function experiments in cell lines to achieve the necessary
throughput. However, desirable would be an experimental setup
that facilitates both discovery and validation in primary cells.

To develop a method for the systematic dissection of cellular
signaling checkpoints by simultaneous PTM and PPI mapping in
one experiment, we devised a streamlined pipeline—Modifications,
Interactions and Phenotypes by APMS (MIP-APMS). We evaluated
and technically optimized all steps of MIP-APMS, comprising (i) the
epitope tagging of proteins of interest and mammalian cell transduc-
tion, (ii) affinity purification conditions for optimal interaction
network and PPI enrichment, (iii) followed by MS-based PTM and
PPI quantification and identification, and (iv) ultimate biochemical
and phenotypic validation of interactors and PTMs in primary
human immune cells. Integration of multiple MIP-APMS experi-
ments generates dynamic signal transduction networks and
pinpoints time-resolved co-regulations of PTMs and PPIs in
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sequential signal transduction steps. We show the discovery poten-
tial of our pipeline by interrogating dynamically assembling protein
communities in human monocyte immune signaling using Toll-like
receptor (TLR) 2 activation and MAP kinase MAPK14 inhibition as
paradigms. Our screen encompassing 19 protein complexes identi-
fied more than 50 previously undescribed PTMs, including phospho-
rylation, acetylation, methylation, ISGylation as well as other less
well-described chemical modifications and elucidated an interaction
network spanning more than 300 PPIs. We used the modular
concept of MIP-APMS to test emerging data-driven hypotheses to
validate PTMs and PPIs regulating immune signaling in reporter and
primary cells. In this way, MIP-APMS enables the streamlined vali-
dation of crosstalk between different layers of protein regulation
with broad applicability.

Results

Experimental and proteomics strategy for interrogating dynamic
signal transduction networks

We devised MIP-APMS for the identification and perturbation of the
functional checkpoints of cellular signaling pathways. MIP-APMS
involves the following four stages with the indicated time frames
(see Graphical Abstract, Figs 1 and EV1A):

Cloning of genes encoding epitope-tagged proteins and trans-
duction of specialized cell types.

2 Streamlined quantification of various types of PTMs together
with PPIs.

3 Implementation of an analytical strategy to pinpoint genetic or
pharmacological signaling network perturbations.

4  Direct biochemical and functional evaluation of novel biologi-

cal regulations in the same experimental system.
Universal cloning and transduction strategy
To enable interrogation of signaling cascades, we employed a cost-
effective method for epitope tagging of proteins with a restriction
enzyme-free approach, called restriction enzyme-free seamless liga-
tion cloning extract (SLiCE) cloning (Zhang et al, 2012). A modified
weak phosphoglycerate kinase (PGK) promoter controls the expres-
sion of the GOIs, which are flanked by attL sites. Thereby, our
vector system is compatible with commercial DNA assembly cloning
strategies such as the NEBuilder platform or Gateway, which had
been used before (Lambert et al, 2014). As shown previously,
employing lentiviral transduction for amphotrophic gene transfer
extends the scope from readily transfectable cell lines, e.g., human
embryonic kidney (HEK) cells, to non-dividing and terminally dif-
ferentiated cells of primary origin (Huttlin et al, 2015; Samavarchi-
Tehrani et al, 2018). In particular for application with primary
immune cells, transduction is advantageous as other methods can
activate innate immune signaling pathways and induce cell death
(Fernandes-Alnemri et al, 2009; Hornung et al, 2009; Gaidt et al,
2017). As a relevant and challenging experimental model system,
we chose human monocytes, because these cells are not easily
transfectable and execute a broad spectrum of cellular programs by
the dynamic intracellular propagation of molecular signals down-
stream of cell surface receptors. For method development and
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Figure 1. Experimental strategy for interrogating dy ic signal transduction networks with MIP-APMS.

A

Generation of polyclonal transgenic cell lines by lentiviral transduction of genes encoding epitope-tagged wild-type or variant bait proteins. Analysis of PTMs and

PPIs upon cellular activation (exemplified for the TLR1/2 activation by the agonist Pam3CSK4, P3C4), or pharmacological signal perturbation (exemplified by MAPK14

inhibitors). Time frames for the individual steps are indicated in violet.
B
(&
D

Data information: See also Figs EV1-EV4.

phenotypic screening, we employed the monocytic cell line U937
and validated our results with primary cells. We achieved 92 (+ 5)
% cellular transduction efficiency after antibiotic marker selection
(Fig EVIB). We further demonstrated the universality of our
approach with primary human macrophages differentiated from
peripheral monocytes (Fig EVIC and D, Table EV1) and primary
human T cells (Fig EV1E, Table EV1).

We carefully characterized the functional properties of generated
cell lines: The average copy numbers of the endogenous protein
counterparts to the tagged proteins were 3.1 million per cell,
increasing only slightly to an average of 4.3 million copies upon
transduction (Fig EV2A). Importantly, global protein expression
levels remained stable within cells upon expression of epitope-
tagged bait proteins (Fig EV2B and C). We specifically confirmed
that transduced cells exhibit no background immune activation by
assessing expression levels of proteins involved in immune- and
infection-associated pathways (Fig EV2D and E) and retain their full
activation potential by assessing NFkB activity with Luciferase
reporter assays (Fig EV2F).

Simultaneous enrichment of PTMs and PPIs

Next, to study interdependency of PTMs and PPIs in signaling
cascades, we evaluated biochemical enrichment strategies for
epitope-tagged proteins with MS-based proteomics using high-
performance liquid chromatography (HPLC) coupled to a linear
quadrupole Orbitrap mass spectrometer (Q Exactive HF, Thermo)

© 2021 The Authors

Single-step His-IMAC affinity enrichment and single-run liquid chromatography-tandem mass spectrometry (LC-MS/MS).
Investigation of dynamic signal network topologies by simultaneous analysis of PPIs and multiple different PTMs. The numbers indicate analysis steps.
Schematic representation of PTM and PPl dynamics as a function of cellular phenotypes. Wt, wild type; ko, knockout; mut, mutation.

operated in a data-dependent acquisition mode (Fig 1B) (Scheltema
et al, 2014). We systematically compared typical short epitope tags:
Flag-tag (Hopp et al, 1988), Strep-tag (Schmidt & Skerra, 2007), and
polyhistidine tag (Hochuli et al, 1988). To quantitatively compare
epitope tag-based enrichments, identification and label-free quan-
tification (LFQ) were performed in the MaxQuant environment (Cox
& Mann, 2008). While > 1,000 proteins were shared between all
three enrichments (Fig EV3B), His-IMAC enrichment identified more
background binding proteins. Exemplified for MAPK14, our results
show high overlap of known interactors for Strep-tag and His-tag
IPs with on-bead digestion, whereas Flag-tag and Strep-tag with
elution yielded lower numbers of significant interactors (Fig EV3A,
Table EV1). Notably, the highest median bait protein sequence
coverage (Fig EV3C), highest intensity of MAPK14 (Fig EV3D), and
highest number of significantly interacting proteins were achieved
with His-IMAC.

Accordingly, we incorporated His-IMAC in the MIP-APMS proto-
col and further optimized the protocol for high bait enrichment and
high-sequence coverage by titrating imidazole concentration in lysis
and wash buffers, respectively (Fig EV3E and F). Following method
optimization, the respective bait proteins were among the highest
enriched proteins after MIP-APMS (Fig EV3G, Table EV1). We
achieved a median sequence coverage of 70% for bait proteins (Fig
EV3H), opening up the possibility of directly identifying and quanti-
fying PTMs, such as phosphorylation, acetylation, or methylation as
well as other less well-studied covalent protein modifications on
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any bait protein (Fig 1C). Differently modified peptides were not
analyzed separately, as in typical proteomics workflows, but instead
the selected enriched proteins represented all present and detectable
proteoforms. This made it possible to simultaneously quantify the
differently modified and unmodified versions of peptides. MIP-
APMS enables the efficient and cost-effective and robust analysis of
PTMs and PPIs in a single experiment.

Dynamic signaling network analysis

To study how signaling networks rearrange upon cellular activation,
we integrated quantitative PTM and PPI information from multiple
MIP-APMS experiments. This enabled quantitative analysis of
sequential steps in signal transduction, since it allowed for dynamic
PTM and PPI crosstalk to be resolved providing a basis to identify
molecular switches in signal transduction networks. We observed
enrichments and de-enrichment of prey proteins in protein complex
of interest and also dynamically regulated PTMs on both bait and
prey proteins (Fig 1D, regulation up/down).

Biochemical and functional ion of novel biologi
regulations in the same experimental system

To validate our findings in follow-up studies, we employed the
same experimental system used for discovery. We investigated
the alterations in dynamic signaling networks of proteins mutated
on single amino acid sites discovered in our study. Furthermore,
by transforming our model system into NFkB reporter cells, we
were able to reveal functional effects on NFKB activation of novel
PTMs and PPIs by CRISPR-Cas9-mediated gene knockout and site-
specific gene mutations, respectively (Fig 1D, phenotype, Fig 1A).
As described below in more detail, we were able to derive func-
tional molecular checkpoints in monocyte signal transduction
networks.

Signaling networks of kinases, signaling adapters, and caspases
in monocytes

We tested our MIP-APMS approach by interrogating the molecular
composition of protein communities in mammalian cells in situ.
Specifically, we investigated innate immune signaling complexes,
assembled various protein classes, such as kinases, caspases, and
tumor necrosis factor (TNF) receptor-associated factors (TRAFs) in
human monocytes.

Figure 2. Di
A

of p

protein (median interactor count: 16).

w
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We generated 19 transgenic monocytic U937 cell lines and
analyzed them with MIP-APMS, as described above. This identified
and quantified an average of 4,106 proteins per measurement,
including non-specifically binding proteins as expected for non-
stringent APMS conditions (Trinkle-Mulcahy et al, 2008; Rees et al,
2011). We observed high median intra-bait and inter-bait Pearson
correlations (> 0.9) between biological replicates (Fig EV3I) and
between different cell lines (Fig EV3J). This highlights the overall
reproducibility of the devised workflow. To discriminate specifically
interacting proteins from background binders common to all baits,
we compared enrichments from single vs. all other cell lines with a
standard statistical test (two-sided t-test) at a stringent false discov-
ery rate (FDR) of 1% to correct for multiple hypothesis testing (Hein
et al, 2015; Keilhauer et al, 2015; Hubel et al, 2019). This resulted in
a small fraction of significantly interacting proteins (378 proteins in
total, with a median of 16 interactors per bait) compared to a large
proportion of background binders (Table EV1, Fig EV4A). Notably,
distinct protein intensity differences and P-values clearly distinguish
specific bait and prey from unspecific background proteins (Fig
EV4B and C). MIP-APMS prioritizes bait-specific preys, as proteins
enriched in multiple experiments—including interconnected interac-
tors—show lower enrichment differences and P-values (Fig EV4D)
by unbiased statistical interactor calling (see Materials and Meth-
ods). We compared our LFQ intensity and t-test-based strategy to
the results of the SAINT algorithm (spectral count based) exemplary
for MAPK14 and identified largely similar interactors (Fig EV4E).

The identified interactors included previously described as well
as novel proteins (Fig 2A, Table EV2). Unsupervised hierarchical
clustering of label-free quantification (LFQ) intensity profiles of the
significant interactors grouped specific interactors of corresponding
bait proteins together (Fig EV4F). To determine the topology of the
detected protein interaction network, we assembled proteins accord-
ing to shared interactors. This enabled the identification of signaling
hubs through common connections of bait and prey proteins that
clustered together in the network (Fig 2B). The analysis recapitu-
lated many known interactions, including the TRAF2-BIRC2
CORUM complex (Ruepp et al, 2010) involving the binary interac-
tion of TRAF2 and BIRC2, supplemented by such players as TRAF1,
TBK1, TANK, and IKBKE (Wu et al, 2005). Some TRAF2 interactors,
such as RIPK1, CASP8, and TNF (Hsu et al, 1996), were not detected
in this experiment perhaps because they require distinct context-
dependent cellular activation, e.g., through TNFR. These

networks in human monocytes using MIP-APMS.
Percentage of previously described interactors (green) and novel interactors (blue), and the count of significant interactors (FDR < 0.01, enrichment > 2) per bait

Protein—protein interaction network of clustered interaction data. Edges indicate interactions, with shared interactions connecting the individual MIP-APMS

experiments. Red nodes correspond to bait proteins, green nodes to interactors reported in the literature, and blue nodes to novel interactors.

Percentage of PTMs identified on bait proteins and interactors.
Numbers of PTMs on bait proteins/interactors of individual pull-downs.

IO TMmoOn

Numbers of acetylations, methylations, and phosphorylations identified on bait proteins and interactors.

Numbers of novel and described (Uniprot-annotated) acetylations, methylations, and phosphorylations.
Unsupervised clustering (Pearson correlation) of the z-scored intensity profiles of all PPIs (357) and PTMs (37) upon TLR2 activation, partitioned in seven clusters.
Dynamic profiles of co-regulated PTMs and PPIs with close network proximity, from the indicated clusters; median z-scored intensity of each time point (blue:

median, gray: confidence interval = 0.95, method: loess); n, number of proteins in clusters 1-7. Selected proteins from each cluster are indicated, with the bait

proteins in parentheses.
Data information: See also Fig EV3, Table EV2 for PPIs, and Table EV3 for PTMs.

4 0of 21 Molecular Systems Biology ~17: 10125 | 2021

© 2021 The Authors

84



Publications

Annika Frauenstein et al

Molecular Systems Biology

A @ Bait
A< @® New Interactor
B - 5L 10 ® Known Interactor
I : 1RC2
I 4 cAsP4
I 5 CAsP5
I & cAsP7
I 7 (FiH
I 5 1KBKE
I © \1AP3K7
[ 0 MAP3KS
I 1 MAPK 14
I (2 MYD88
I (5 RIPK2
I (4 RIPK3
I 5 sv<
I 6 TIRAP
IR 7 TRAF1
I (8 TRAF2
B 10 TRAFG

0 50 100 0 2550

Total, % Count
e Interactor
o STRING/ Biogrid ]
Il on baits
on interactors F
c D = E [ described
100 1 [ novel
75 5 = 30
£ 50 s5 o 20
B, & £ 10
5 o
B 0 (] [ L 0
3 - CCIow N
- £ =} w o ag
= ® 8 reb =Y RPRERS L &
g § ¢ Colfogzsssa¥eyy ¥
M Acetyl [0 Methyl g 2 & TOOLXSSSSTEoFErFF
[C] Phospho
G H -CDC37 (AKT1) -FOSB (MAP3K7)  -TAB2 (MAP3K7)
-CDC37 (MAP3K7)  -PSMB8 (MAPK14) -TBK1 (TRAF1)
= _,r,ﬁ-r RPSéKA4(MAPK14) -PP3CA (AKT1) -MAPK14 pY182
=
mi;
W PTMs
0.5 m PPls
00, M
5 05
§ L N=64 N=62 N=57
©
E’ IS -NFKB1 pS907 -AKT1 pS422 -MAPKAPK3 (MAPK14)  -NFKB1 (MAP3K8)
2 8 N -NFKB2 (MAP3K8) -MAP3K7 pS389 -AKT1 pS124 -TNIP2 (MAP3K8)
= > MAPKAPKz(MAPKM) MAP3K7 pS412  -AKT1 acK420 TBK1 (IKBKE)
2 '® -TBK1 (TRAFZ
5 5
o £ 0.5-
£
uo 0.0~
-1
-0.54
N= 3'4 N=43 N=68 N=65 _
0 15 300 5 15 300 5 15 300 5 15 30
PAMSCSK4 min PAM3CSK4, min PAM3CSK4, min PAM3CSK4, min
Figure 2.
© 2021 The Authors 5of 21

Molecular Systems Biology 17: €10125 | 2021

85



Publications

Molecular Systems Biology

observations validated the utility of MIP-APMS for the interrogation
of intracellular signaling networks.

To identify and quantify PTMs in the same experimental setup,
we re-analyzed our data with phosphorylation, acetylation, and
methylation as variable posttranslational modifications. Even
though we did not enrich for PTMs, we identified and quantified
PTMs spanning phosphorylations, acetylations, and methylations
on baits as well as prey proteins (88 PTMs on 19 bait proteins).
Phosphorylation was the most abundant PTM in the dataset (52
sites), followed by methylation (25 sites) and acetylation (11 sites)
(Fig 2C). While the majority of PTMs were detected on bait
proteins, some (31 PTMs on 10 proteins) were also detected on
prey proteins (26% of all known PTMs; Fig 2D). A remarkable
74% of the studied bait proteins or their respective interactors were
posttranslationally modified, with some proteins, e.g., AKT1 and
RIPK2, harboring more than 10 PTMs (Fig 2E). Notably, MIP-APMS
identified 52 previously undescribed PTMs, in particular methyla-
tion and acetylation sites (Fig 2F). Furthermore, an unbiased analy-
sis of covalent peptide modifications using the dependent peptide
algorithm in MaxQuant, the string-based search algorithm
Taggraph—based on a de novo search in PEAKS—and MS Fragger
(Devabhaktuni et al, 2019)—revealed a series of less well-described
covalent modifications on MAPK14 (Fig EV4G). Twenty-six modifi-
cations were shared between search engines (2.3% of all modifi-
cations for dependent peptides, 1.5% PEAKS/Taggraph, and 0.9%
MS Fragger, Fig EV4H). Out of these 26 modifications, six were
reproducibly identified and quantified in all replicates (Fig EV4l). To
distinguish biologically regulated from other—for example—sample

Figure 3. N-Terminal phosphorylation of TRAF2 and ISG15 is dy

ic functional r

Annika Frauenstein et al

preparation-introduced modifications, we quantified the identified
modifications upon cell activation with specific searches in
MaxQuant. Notably, only MAPK14 phosphorylation was differentially
regulated between conditions. Moreover, acetylation, methylation,
and phosphorylation detected on TRAF2, MAPK14, and MAP3K7
with specific searches were missed by open searches (dependent
peptides of MaxQuant and PEAKS,/Taggraph; Fig EV4J). This demon-
strates that MIP-APMS can discover novel PTMs in signaling
complexes; however, comparisons across search engines and confir-
mation with specific search strategies are advisable to increase
confidence.

To capture the dynamics of cellular signal transduction, we next
analyzed how the intracellular networks rearrange upon cellular
activation via cell surface receptors. We stimulated cells via TLR2,
as this pattern recognition receptor is prominently expressed in
monocytes and induces a robust pro-inflammatory program that
involves activation of the transcription nuclear factor (NF) kB path-
way (Oliveira-Nascimento et al, 2012; Rieckmann et al, 2017). We
analyzed the dynamic signaling networks downstream of TLR2
using time course experiments in biological quadruplicates. Upon
stimulation with the lipopeptide Pam3CysK (PAM3CSK4), cellular
signaling was activated (Fig EV4K), and stable vs. dynamic PTMs
and PPIs could be distinguished. Because of the short time frame of
kinetic investigations (within 30-min post-cellular activation), we
did not normalize protein levels to expression-induced protein abun-
dance changes. On average, we detected two statistically significant
dynamic PPIs and one dynamic PTMs per bait (Fig EVSA; Table EV2
and EV3). Our data suggest that phosphorylation is the most

s downstream of TLR2.

A

Volcano plot representing the interactome of TRAF2 (measured 15x in biological replicates) compared against all other pull-downs in the control group. The results

of the t-tests are represented in volcano plots, which show the protein enrichment versus the significance of the enrichment. Numbers indicate enrichment ranks
with the heatmap labels of (C) serving as the legend. Significant interactors of TRAF2 (two-tailed t-test, FDR < 0.01, enrichment > 4) are colored in blue (novel

interactors) and green (known interactors).

B Interactors of TRAF2 (blue: novel interactors, green: known interactors) with interconnecting proteins between different baits colored in gray.

C Hierarchical clustering of significant interactors of TRAF2 upon activation with significant hits in at least one time point denoted with an asterisk. Cell activation was
performed for 5, 15, and 30 min with the TLR2 ligand PAM3CSK4 (P3C4).

D Intensity profile of the TRAF2 interactor TANK upon activation, normalized to TRAF2 bait LFQ intensity.

E Hierarchical clustering of the TRAF2 PTMs (acetylation, methylation, and phosphorylation) upon activation, with significant hits (t-test) in at least one time point
denoted with an asterisk.

F Intensity profile of the phosphorylation of TRAF2 on Thr7 upon activation, normalized to TRAF2 bait intensity. Central band of the boxplot shows the median, boxes
represent the IQR, 3 biological replicates were performed for UT, and 4 biological replicates were performed for additional time points. P-values were calculated by t-
test. Asterisks indicate significant differences. *P-value < 0.05.

G Intensity profile of TRAF2 interactors ISG15 and TRAF1 in different TRAF2 phospho-variants, normalized to TRAF2 wild-type intensities. Central band of the boxplot
shows the median, boxes represent the IQR, and 4 biological replicates were performed for every condition. P-values were calculated by t-test. Asterisks indicate
significant differences **P-value < 0.01, ***P-value < 0.001.

H

Induction of NFkB determined based on luciferase luminescence in TLR2-activated U937 NFxB reporter cells transfected with genes encoding different TRAF2

phospho-variants. Bar represents the median, error bars represent the standard deviation, and 4 biological replicates were performed for additional time points. P-
values were calculated by t-test. Asterisks indicate significant differences. ***P-value < 0.001.

| MS/MS Spectrum containing GlyGly modification K320 on TRAF2 after GlyGly enrichment on TRAF2 MIP-APMS.

) Differences and P-values of ISG15 intensity in TRAF2 K->R mutants compared against TRAF WT

Intensity profile of TRAF2 interactors ISG15 and TANK in TRAF2 K->R mutants, normalized to TRAF2 wild-type intensities. Central band of the boxplot shows the

median, boxes represent the IQR, and four biological replicates were performed for every condition. P-values were calculated by t-test. Asterisks indicate significant

differences. ***P-value < 0.001.

Induction of NFxB determined based on luciferase luminescence in TLR2-activated U937 NFxB reporter cells transfected with genes encoding different TRAF2 K—R

mutants (each bar represents a mean from three independent measurements; error bars represent the standard deviation; ***P-value < 0.001).

Intensity profile of TRAF2 interactors ISG15 and TANK in TRAF2-K389R and S11D mutants in human primary macrophages. Central band of the boxplot shows the

median, boxes represent the IQR, and three biological replicates were performed for every condition. P-values were calculated by t-test. Asterisks indicate significant

differences **P-value < 0.01, *P-value < 0.05, ***P-value < 0.001.

Data information: Experiments in (A-L) were performed in U937 cell lines. Gray boxes indicate missing values. IQR stands for interquartile range and represents the 25t

to 75" percentile. See also Table EV1-EV4.
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dynamic PTM in the tested setting, followed by methylation (Fig
EVSB).

Next, to study PTM and PPI interdependency, we correlated all
PTM and PPI intensities and clustered them unbiasedly over the
time course of TLR2 activation (Fig 2G, Table EV3). We detect the
dynamic co-regulation on both molecular layers (PPIs and PTMs),
identifying correlating and anti-correlating PTMs and PPIs during
signaling pathway activation. We identified seven clusters with
distinct kinetics, some peaking early (Fig 2H, Cluster: 4,5) and
others late (Fig 2H, Cluster: 7) upon pathway activation, as well as
up- (Fig 2H, Cluster: 4,5,6,1) vs. down-regulated (Fig 2H, Cluster:
1,2,3) PTMs and PPIs. Interestingly, interactors identified in more
than one MIP-APMS experiment (e.g., CDC37: Cluster 1) were in
close network proximity. Our approach facilitated an unbiased
discovery of time-resolved molecular connections between dynamic
PTMs and PPIs, exemplified by the correlated interaction of
MAP3KS interactors (NFKB1, NFKB2) and NFkB1 phosphorylation
(Cluster 4,7), or the anti-correlated phosphorylation of the C-
terminal kinase domain of AKT1 and the interaction with CDC37
(Clusters 1, 5). This demonstrates that the sensitivity and robustness
of MIP-APMS enable the simultaneously determination of cellular
signaling network rearrangements by PPIs, PTMs, and their inter-
play. We conclude that MIP-APMS is sufficiently sensitive and
robust to capture dynamic signaling networks in mammalian cells
in situ. 1t generates highly reproducible data that may be used for
the discovery of novel dynamic PTMs in signal transduction
cascades, and simultaneous evaluation of multiple PTMs and PPlIs
in signaling networks.

Dynamic phosphorylations and I1SGylations regulate TRAF2
downstream of TLR2

We next evaluated MIP-APMS for the discovery of novel molecular
checkpoints in intracellular immune signaling. We focused on
significantly —regulated PPIs (FDR <0.01) and PTMs (P-
value < 0.05) identified for TRAF2 and MAP3K7, and examined
their biochemical and phenotypic relevance through network pertur-
bations mediated by gain- and loss-of-function mutations.

TRAF2 is a central adaptor protein in TNF signaling and regu-
lates pro-inflammatory cytokine production through NFxB and JNK
signaling pathways (Borghi et al, 2016). As described above, the
MIP-APMS analysis confirmed previously reported TRAF2 interac-
tors, such as TNF receptor-associated factor TRAF1, baculoviral IAP
repeat-containing protein BIRC2 (cIAP2), TRAF family member-
associated NFkB activator TANK, and serine/threonine-protein
kinase TBKI. In addition, we identified ELP2 and ISG15 as novel
components of the TRAF2 complex (Fig 3A and B) and TANK, a
negative regulator of TRAF2 (Cheng & Baltimore, 1996), as dynami-
cally recruited to the TRAF2 complex. By contrast, the majority of
other TRAF2 interactors remained unchanged upon activation (Fig 3
C and D). While most other PTMs remained unchanged upon signal
pathway activation, the analysis revealed dynamic N-terminal phos-
phorylations on Thr7 and Ser11 of TRAF2 (Fig 3E and F). Thus, the
interactome and PTMs of TRAF2 are dynamically regulated upon
NFkB activation via TLR2.

To test whether these dynamic N-terminal phosphorylations
affected the composition and function of the TRAF2 protein
complex, we used the MIP-APMS streamlined workflow to generate
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protein phospho-variants, in which specific Ser or Thr residues were
changed to Gly, or to Asp/Glu to mimic phosphorylation. We
probed the resulting signaling network rearrangements using MIP-
APMS and found a specific enrichment for ubiquitin-like protein
ISG15 and TRAF1 by the phospho-mimetic TRAF2 variants
compared to wild-type TRAF2 (Fig 3G; Table EV4). These data
suggest that N-terminal phosphorylation of TRAF2 at both Thr7 and
Ser11 stabilizes a protein complex with ISG15 and TRAF1.

To further assess the functional relevance of the N-terminal
TRAF2 phosphorylation on cellular regulation, we introduced the
phospho-mimetic and phospho-dead TRAF2 variants into NFxB
reporter monocyte cell lines. TLR2-induced NFxB activation was
elevated with TRAF2 N-terminal phospho-mimetics, whereas the
phospho-dead variants showed activation comparable to that of
wild-type TRAF2, indicating that N-terminal phosphorylation
boosted downstream signal transduction (Fig 3H).

ISG15 is a ubiquitin-like protein that covalently modifies target
proteins on lysine residues in a process called ISGylation (Loeb &
Haas, 1992; Zhang & Zhang, 2011). After tryptic digest, isgylated
peptides harbor GlyGly modifications on lysines that can be readily
detected by LC-MS/MS. As we did not directly detect GlyGly-
modified peptides, we combined MIP-APMS with GlyGly enrichment
and indeed identified two GlyGly modification sites on TRAF2 (Posi-
tions K27, K320; Fig 3I). To deduce the impact of ISGylation on the
TRAF2 interaction network, we performed site-directed mutagenesis
of TRAF2 lysines and subjected the K—R mutant cell lines to MIP-
APMS. Out of the total 32 K—R mutants, 5 showed strong (more
than 4x) and significant depletion of ISG15 in the TRAF2 complex
(Fig 3J, Table EV4). Interestingly, the most regulated site—K320—
was also identified by our initial GlyGly enrichment, suggesting an
1SGylation of TRAF2. Reduced ISG15 levels in the interactomes of
certain K—R mutants further support this observation. In contrast,
TANK levels—a TRAF2 complex member—remained unaltered in
the different TRAF2 mutants, pointing toward a specific partial
perturbation of the TRAF2 protein community by K—R site-directed
mutagenesis (Fig 3K). We excluded potential clonal or TRAF2
mutant expression effects on ISG1S levels by comparing ISG15
levels of transgenic monocyte interactomes to full proteomes (Fig
EV5SD). Unchanged ISG15 intensities upon stringent MIP-APMS
conditions (6 M GdmCl) in a TRAF2 MIP-APMS experiment as well
as no evident interaction of recombinant ISG15 and TRAF2 in a size
exclusion-based binding assay further support the covalent ISGyla-
tion of TRAF2 (Fig EVSE). Functional analysis of the K—=R mutants
revealed reduction in NFkB activation for K277R, K320R, K364R,
and K389R mutants, suggesting that ISGylation of TRAF2 may act as
a positive regulator downstream of TLR2 (Fig 3L). To expand our
findings to primary human macrophages, we selected the novel
phospho-mimetic TRAF2 mutant S11D and lysine-mutant K389R.
These experiments confirm ISG15 enrichment in the TRAF2-S11D
complex and depletion in the TRAF2-K389R complex (Fig 3M).

ARHGEF18 and FOSB are functional regulators downstream
of TLR2

To further explore the utility of MIP-APMS for discovery of new
interactors, we evaluated functional interactions of MAP3K?7.
MAP3K7 (TAK1) is a central kinase of the MAPK signaling pathway,
with crucial roles in the activation of TRAF6 downstream of TLRs

© 2021 The Authors
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and other receptors (B-cell receptor, TNF receptor) (Landstrém,
2010) and known as a major regulator of NFkB signaling (Sato et al,
2005). The MIP-APMS analysis recapitulated the TNFa/NFkB signal-
ing complex 7 (CORUM) consisting of TAB1, TAB2, TAB3, and
CDC37 (Fig 4A and B). Upon TLR2 activation, TAB1 and SNX17
were depleted from the MAP3K7 complex (Fig 4C), while phospho-
rylation of MAP3K7 on Ser389 increased, significantly (Fig 4D). This
revealed dynamic regulation of both PTMs and PPIs during pathway
execution.

From the nine previously unknown interactors, we selected the
guanine nucleotide exchange factor ARHGEF18 and the transcriptional
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Figure 4. ARHGEF18 and FOSB are functional regulators downstream of TLR2.
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Molecular Systems Biology

regulators FOSB and FOXK2 for functional hypothesis testing.
Because MAP3K?7 is implicated in NFkB activation, we used CRISPR
to knock out the respective genes in monocytic NFkB reporter cells
and determined the pathway activity by luciferase induction that
directly correlates with the activation of NFkB (Fig 4E). Upon dele-
tion of genes encoding TLR2 and MYD88 (the receptor and proximal
adaptor of PAM3CSK4, respectively (Li et al, 2010)), we observed
an almost complete inhibition of NFkB activation. CRISPR knockout
of MAP3K7, and the interactors ARHGEF18 and FOSB, led to a
partial reduction of NFkB activation, thereby linking this PPI to a
functional downstream phenotype in the signaling cascade (all

04 FOXK2
03 TAB3

02 TAB1 *
06 CDC37
08 SSBP1
15 TAB2

01 MAP3K7
11 JUN

14 CUL7

09 SOSs2

10 HSPA8
05 FOSB
07 PKLR

13 SNX17 *
12 ARHGEF18

ur 5 15 30
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MAP3K8 O

123
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ARH
GEF18
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Volcano plot representing the interactome of MAP3K7 (measured 16x in biological replicates) compared against all other pull-downs in the control group. The results

of the t-tests are represented in volcano plots, which show the protein enrichment versus the significance of the enrichment. Numbers indicate enrichment ranks
with the heatmap labels of (C) serving as the legend. Significant interactors of MAP3K7 (two-tailed t-test, FDR < 0.01, enrichment > 4) are colored in blue (novel

interactors) and green (known interactors).

Interactors of MAP3K7 (blue: novel interactors, green: known interactors) with interconnecting proteins between different baits colored in gray.
Heatmap of significant interactors of MAP3K7 upon activation, with significant hits in at least one time point (t-test, P-value < 0.05) denoted with an asterisk. Cell

activation was performed for 5, 15, and 30 min with the TLR2 ligand PAM3CSK4 (P3C4).

Heatmap of MAP3K7 PTMs (phosphorylation) upon activation, with significant hits (t-test, P-value < 0.05) in at least one time point denoted with an asterisk.
Induction of NFkB determined based on luciferase luminescence in U937 NFxB reporter cells with CRISPR-Cas9 knockouts of the potential novel interactors of

MAP3K7 upon TLR2 activation (each bar represents a mean of four independent measurements; error bars represent the standard deviation; P-values were calculated
by t-test. Asterisks indicate significant differences. ***P-value < 0.001, **P-value < 0.01).

Data information: Gray boxes indicate missing values. See also Appendix Figs S1-S14, Tables EV1 and EV2.
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PTMs and PPIs of the characterized bait proteins are available in
Appendix Figs S1-S14). We verified CRISPR-KO of ARHGEF18 and
FOSB by Western blot analysis (Fig EVSF).

Hence, our MIP-APMS strategy can interrogate the functional
relevance of individual molecular switches in a streamlined manner
on the levels of PTMs as well as PPIs in signal transduction
networks.

Dissecting drug mode of action for MAPK14 inhibitors
with MIP-APMS

Small molecules are often used to interfere with specific cellular
functions and are the mainstay of the drug industry. Definition of
the target engagement of small molecules is a major challenge in
drug discovery and novel proteomics approaches have been devised
for this purpose (Schirle et al, 2012). We reasoned that MIP-APMS
could enable the identification of signaling network rearrangements
induced by small molecules, providing a unique proteomic perspec-
tive on the mode of drug action. We selected previously described
pharmacological inhibitors of p38 kinase (MAPK14) (JX-401 (Fried-
mann et al, 2006), sorafenib (Edwards & Emens, 2010), and
skepinone-L (Koeberle et al, 2011)) and analyzed their mode of
perturbation of the cellular signaling network assemblies involving
MAPK14 (Fig SA-C).

The obtained data indicated that skepinone-L and sorafenib inter-
fered with the physiological intracellular signaling network of
MAPKI14 to a greater extent than JX-401 (Fig 5D; Table EV5).
Further, interestingly, sorafenib and skepinone-L perturbed the inter-
actions within the core complexes differently. While MAPKAPKS, a
downstream substrate of MAPK14 (New et al, 1998), was depleted in
the MAPK14 protein complex upon treatment with both sorafenib
and skepinone-L (Fig 5D), only sorafenib reduced the binding of
RPS6KA4 (MSK1) and PTPN7 to MAPK14, and even more so upon
cellular activation with TLR2 ligands (Fig SE). Further, both sora-
fenib and skepinone-L induced hyper-phosphorylation of the
MAPK14 phospho-loop on Tyr182, whereas an N-terminal phospho-
rylation site (Ser2) remained unaltered (Fig SB and F). This indicated
that PTMs and PPIs of MAPK14 are altered upon inhibitor treatment.

Further, MIP-APMS also allowed testing of drug off-target effects
(Fig EVSG-1). MAP3K7 phosphorylation on Ser367, Ser412, and
Ser445 was significantly altered, and both JUN and TAB2 were
depleted from the MAPK14 complex upon treatment with sorafenib.
This suggests that the MAP3K7 protein complex, reported to be an
upstream activator of MAPK14 (Martin-Blanco, 2000), is in part
targeted by MAPK14-specific inhibitors. Enrichment of ELP2 (JX-
401, Skepinone-L) and TBK1 (JX-401) was observed in the TRAF2
signaling complex. PTMs on TRAF2 were not affected by the inhi-
bitor treatment. Hence, MIP-APMS can be used to dynamically
resolve the interactome and PTM changes upon small molecule
treatment and provides information on molecular relationships in
signal transduction networks that facilitate understanding of drug
mode of action.

Discussion

Cellular processes are orchestrated by signal transduction pathways
that depend on PTMs and PPIs. However, how PTMs and PPIs
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collaborate in structuring the dynamic signaling network topologies
remains incompletely understood, in part because of the laborious
experimental approaches involved in dissecting these interactions.
Here, we describe MIP-APMS, a combined streamlined cell line
generation and proteomics approach to interrogate functional signal
transduction networks in intracellular signaling pathways. We
quantified more than 370 PPIs and 80 PTMs across innate protein
signaling cascades in human monocytes upon receptor activation or
drug treatment. Among these are S0 previously undescribed PTMs,
including those for which specific enrichment methods are less
streamlined, such as ISGylation. Our approach revealed biochemical
connections between PTMs and PPIs, as well as protein subnet-
works that regulate cellular programs dependent on site-specific
PTMs.

We employed MIP-APMS for streamlined and selected interfer-
ence with protein subnetworks. Demonstrating this principle for
the site-specific manipulation of protein phosphorylation as well
as ISGylation on TRAF2 vyielded differential interactomes of
mutated proteins as well as altered cellular physiology. In this
way, structural insights into interaction interfaces between protein
complexes and crucial PTMs for stabilizing interacting proteins
can be revealed. To our knowledge, this is the first description of
protein ISGylation augmenting NFkB activity. We disturbed
protein interaction networks of the kinase MAPK14 with small
molecules to shed additional light on the drug mode of action of
kinase inhibitors. Both skepinone-L and sorafenib changed the
protein interaction network by a different mode of action,
whereas both inhibitors lead to phosphorylation of the MAPK14
phospho-loop.

Modifications, interactions and phenotypes-APMS experiments
with temporal resolution further allow the elucidation of co-
regulations at different biochemical layers—adding to our under-
standing of molecular connections along the sequential steps of
signal transduction. By further increasing temporal resolution, it
may become possible to resolve the causalities between regulation
on the PTM and PPIS levels in even greater detail.

For epitope tagging, we employed constructs from the pLOC
library (GE Healthcare); however, other cDNA libraries or gene
synthesis can readily be employed with polymerase chain reaction
(PCR) to obtain DNA fragments with respective homologous over-
hangs. We employed the cost-effective, non-commercial SLICE
cloning strategy; however, commercial solutions using NEBuilder or
Gateway are possible with our vector system. An advantage of the
small peptide tag chosen for the enrichment strategy in the current
study is that it results in little steric interference with physiological
protein—protein interactions.

According to our evaluation, Strep-tag and His-tag-based enrich-
ments resulted in high bait sequence coverage; however, His-tag
captured known interaction partners most comprehensive. By opti-
mizing a non-stringent lysis procedure with low detergent and salt
concentrations and also low temperature in the MIP-APMS protocol,
we aimed to capture PTMs together with stable as well as transient
interactions. According to our analysis, on average 12.3% of the
PTMs and 5.5% of the PPIs are dynamic; however, as biochemical
procedures impact recovery of interactors and different thresholds
for significance calling are employed, comparability of PTM and PPI
dynamics across studies remains challenging. Incorporating chemi-
cal cross-linking approaches (Holding, 2015; Liu & Heck, 2015)

© 2021 The Authors
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Figure 5. Dissecting drug mode of action for MAPK14 inhibitors with MIP-APMS.

A Chemical structures of MAPK14 inhibitors JX-401, skepinone-L, and sorafenib.

B Phosphorylation of MAPK14 in U937 WT after treatment with the inhibitors, analyzed by Western blotting using an alpha-phospho-MAPK14 antibody. Total MAPK14,
detected by alpha-MAPK14 antibody, was used a loading control.

C The interactome of MAPK14 compared against all other pull-downs in the control group. The results of the t-tests are represented in volcano plots, which show the
protein enrichment versus the significance of the enrichment. Numbers indicate enrichment ranks with the heatmap labels of (C) serving as the legend. Only the top
interactors of MAPK14 are numbered. The complete list can be found in Table EV1.

D Interactors of MAPK14 (blue: novel interactors, green: known interactors) with interconnecting proteins between different baits colored in gray.

E Heatmap of MAPK14 interactors significantly altered upon treatment with the different MAPK14 inhibitors, with significant hits in at least one treatment (t-test, P-
value < 0.05) denoted with an asterisk. Treatments were normalized to DMSO control. The complete list can be found in Table EVS.

F LFQ intensity profiles of the MAPK14 interactors RPS6KA4 and MAPKAPK2 and MAPK14 after treatment with different MAPK14 inhibitors, normalized to MAPK14 bait
intensity. Drug mode of action was analyzed in the presence (P3C4, 0.5 pg/ml, 30 min) or absence of P3C4 after inhibitor treatment. Central band of the boxplot
shows the median, boxes represent the IQR, and 4 biological replicates were performed for every condition.

G Intensity profiles of MAPK14 phosphorylation on positions Ser2 and Tyr182 and MAPK14 protein intensity after treatment with different MAPK14 inhibitors,
normalized to MAPK14 bait intensity. Drug mode of action was analyzed in the presence (P3C4, 0.5 pg/ml, 30 min) or absence of P3C4 after inhibitor treatment.
Central band of the boxplot shows the median, boxes represent the IQR, and 4 biological replicates were performed for every condition.

Data information: Gray boxes indicate missing values. Bars represent median, error bars s.d. See also Fig EV5, Table EVS.
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could further stabilize transient interactors. Combining MIP-APMS
with structural information of the bait protein as well as its interac-
tome can potentially reveal distinct interaction interfaces of protein
complexes that are perturbed by site-specific covalent modification
or drug action. It would be particularly interesting to integrate
protein cross-linking with the PTM status, e.g., of wild-type vs.
mutant variant proteins of interest, so that altered structural interac-
tion interfaces can be resolved in addition to differential PTM-
dependent PPIs.

We have already explored the strategy of disturbing protein
interaction networks using small molecules to determine the
effect of drugs on protein complexes. Whereas other proteomics
approaches are aimed at identifying drug targets (Molina et al,
2013), MIP-APMS elucidates changes in protein communities
involving the selected targets. It may thus serve as an additional
drug discovery tool to resolve target protein network properties
or off-target effects.

Despite its advantages, MIP-APMS currently has some limita-
tions, which can be addressed by developing the method further in
the future. These include the possibility that bait protein levels are
different from those of endogenous proteins and incomplete protein
sequence coverage. MIP-APMS is based on epitope-tagged bait
proteins, which are introduced into target cells by lentiviral cellular
transduction. Although this strategy enables rapid experiments and
functional interrogation with high bait throughput, protein produc-
tion levels may deviate from endogenous levels with ectopic expres-
sion instead of genome editing (Lackner et al, 2015). To address this
and avoid excessive overproduction of the bait proteins (see Fig
EV1B), we employed an engineered weak PGK promoter, as
opposed to the commonly used strong cytomegalovirus (CMV)
promoter (Qin et al, 2010). In general, we recommend total
proteome measurements as described in the current study to

Materials and Methods

Reagents and Tools table
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evaluate whether normalization of changes caused by bait introduc-
tion is required.

Using MIP-APMS, we achieved 70% sequence coverage for bait
proteins using a single-enzyme protein digestion strategy combined
with data-dependent acquisition. To further increase sequence
coverage and map PTMs on bait proteins even more comprehen-
sively, additional proteases, e.g., chymotrypsin or GluC, could be
used. As MIP-APMS does not include a second enrichment step,
the method preferentially quantifies abundant PTMs on bait and
prey proteins. Ubiquitinylation, neddylation, and ISGylation are
known as sub-stoichiometric PTMs and special biochemical enrich-
ment or MS methods are commonly used for their detection (Kim
et al, 2011; Wagner et al, 2011; Bustos et al, 2012; Hansen et al,
2021). We show that MIP-APMS combined with GlyGly enrich-
ment facilitates the bait-centric identification of ubiquitin-like
modification sites, exemplified for TRAF2. In the future, the total
measuring time per sample at a comparable proteomics depth may
be further reduced by using data-independent acquisition strategies
and short LC gradients (Bruderer et al, 2017; Bache et al, 2018).
Reproducibility, precision and accuracy of modified peptide quan-
tification may be increased further by using isobaric labeling
strategies as opposed to LFQ (Hogrebe et al, 2018; Virreira Winter
et al, 2018).

In conclusion, MIP-APMS provides a versatile platform for paral-
lel and time-resolved determination of PPIs and all PTMs of protein
complexes in all transducible cells. It quantitatively resolves
dynamic signaling network topologies and has broad applicability
for the monitoring of virtually all coordinated intracellular
programs. Owing to its conceptual design, emerging hypotheses on
PTM and PPI involvement in selected signaling cascades are readily
testable by protein mutation or loss of function impact on cellular
phenotypes.

Reagent or Resource Source Identifier
Experimental Models: Cell Lines

Human: HEK293T ATCC CRL-3216

Human: U937 ATCC CRL-1593.2
Recombinant DNA

CRISPR vector Transomics TELA1002

Gene synthesis This paper Appendix Table S6

pLOC vectors GE Healthcare Appendix Table S5
pMD2.G Addgene #12259

psPAX Addgene #12260
Antibodies

Anti-rabbit IgG, HRP-linked antibody Cell Signaling 7074

GAPDH (14C10) Rabbit mAb Cell Signaling 2118
Phospho-p38 MAPK (Thr180/Tyr182) antibody Cell Signaling 9211
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Reagents and Tools table (continued)
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ARHGEF18 Sigma HPA042689

MAP3K7 R&D MAB5307

FOSB R&D AF2214

Bacterial and Virus Strains

Cignal Lenti NFxB Reporter (luc) Qiagen CLS-013L

XL1-Blue Competent Cells Agilent Technologies 200249

Oligonucleotides

PCR and cloning primers This study Appendix Table S1-S4

Chemicals, enzymes, and other reagents

Blasticidin Invivogen ant-bl-1

cOmplete™, Mini Protease Inhibitor Cocktail Sigma 4693132001

DMEM Life Technologies 31966047

JX-401 Santa Cruz Biotechnology CAS 349087-34-9

LysC Wako-Chemicals 129-02541

Ni-IDA Agarose Jena Bioscience AC-310-25

PAM3CSK4 Invivogen tirl-pms

Passive Lysis 5X Buffer Promega E1941

Phosstop—20 TABLETS Sigma 4906837001

Phusion” High-Fidelity DNA Polymerase New England Biolabs MO530S

Polybrene Sigma 107689

Polyethylenimine, Linear, MW 25000, Transfection Polysciences 23966-1

Grade (PE| 25K)

Puromycin Invivogen ant-pr-5

RPMI-1640 Life Technologies 72400054

Skepinone-L Merck 506174-5MG

Sorafenib Santa Cruz Biotechnology CAS 284461-73-0

Swal New England Biolabs RO604L

T4 DNA ligase reaction buffer New England Biolabs B0202S

Trypsin Sigma T6567-1mg

Critical commercial assays

Dual-Luciferase” Reporter Assay system Promega E1910

QUIKChange Il XL Site-Directed Mutagenesis Kit Agilent #200521

Oligonucleotides

Oligos for pLOC cloning, site-directed mutagenesis, and This paper Appendix Table S6

gRNA cloning

Software and Algorithms

MaxQuant (Cox & Mann, 2008) http://www.biochem.mpg.de/5111795/maxqua
nt

Perseus (Tyanova et al, 2016) http://www.biochem.mpg.de/5111810/perseus

R NA https://www.r-project.org/

Ggplot2 (Wickham, 2016) https://cran.r-project.org/web/packages/
ggplot2/ggplot2.pdf

Igraph NA http://igraph.org/r/

CHOPCHOP (Labun et al, 2016) http://chopchop.cbu.uib.no/index.php

© 2021 The Authors Molecular Systems Biology 17:€10125|2021 13 of 21

93



Publications

Molecular Systems Biology

Methods and Protocols

Experimental design

All experiments were performed in replicate. No aspect of the study
was blinded. Sample size was not predetermined, and no outliers
were excluded from analyses.

Molecular biology

Entry vector design

We made use of restriction enzyme-free seamless ligation cloning
extract (SLICE) cloning using universal primer pairs to insert coding
sequences of genes from the Precision LentiORF Collection (pLOC)
library (GE Healthcare) into target vectors under the control of a
modified weak phosphoglycerate kinase (PGK) promoter, introduc-
ing C-terminal epitope tags into the encoded proteins (Zhang et al,
2012). Our vector system is compatible with commercial DNA
assembly cloning strategies such as the NEB Builder platform or
Gateway due to Attl sites flanking the GOIs.

Entry vectors for SLiCE cloning were derived from the pLOC
library (GE Healthcare). The vector s include a blasticidin resistance
cassette for antibiotic-assisted cell-line selection and an IRES-GFP
for FACS sorting. An efficient entry site for SLICE cloning of the GOI
was integrated by SLiCE cloning: The original pLOC vector was
PCR-amplified using primers 1 and 2 containing overhangs with a
Swal restriction enzyme (New England Biolabs) cutting site for plas-
mid linearization, attL1/2 sites for homologous recombination-
based SLiCE cloning, and a His-GSG-Flag-tag for GOI epitope
tagging. SLICE cloning was performed as previously described
(Zhang et al, 2012). Briefly, 300 ng of the amplified pLOC vector,
1:10 (v/v) SLIiCE extract (in-house), and 1:10 (v/v) T4 ligase buffer
(New England Biolabs) was incubated for 1 h at 37°C. After incuba-
tion, the SLICE mixture was used to transform XLI1-blue bacteria
(in-house) by heat shock. The transformants were selected on LB
plates supplemented with 100 ug/ml ampicillin (LB-Amp plates)
after overnight incubation at 37°C. Positive clones were identified
by sequencing using primer 3.

The CMV promoter in the modified pLOC vector was exchanged
for a weak PGK promoter by SLiCE cloning: the modified pLOC
vector was PCR-amplified using primers 4 and 5 (see
Appendix Table S1), the weak PGK promoter with homologous ends
to the modified pLOC vector was de novo synthesized (see
Appendix Table S6), and the two fragments were combined by
SLIiCE, as described before (Zhang et al, 2012). Briefly, 300 ng of the
amplified pLOC vector, 100 ng of the synthesized weak PGK
promoter fragment, 1:10 (v/v) SLiCE extract, and 1:10 (v/v) T4
ligase buffer (New England Biolabs) were incubated for 1 h at 37°C.
After incubation, the SLiCE mixture was used to transform XL1-blue
bacteria by heat shock. The transformants were selected on LB-Amp
plates after overnight incubation at 37°C. Positive clones were iden-
tified by sequencing using primer 6 (see Appendix Table S1), as
above. The obtained vector was used in subsequent cloning steps as
an entry vector, called pLOC entry vector (pLOC-PGKweak-C-
HisGSGFlag-BLASTICIDIN).

Cloning for epitope tagging

Open-reading frame (ORF) clones were obtained from the Precision
LentiORF Collection. GOI (see Appendix Table SS5) were PCR-
amplified from the pLOC library (GE Healthcare) using the universal
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primers 7, 8, and 9. The CDS of MAP3K7 with attL1/attL2 overhangs
was obtained by gene synthesis (Thermo Fisher Scientific). The
pLOC entry vector was digested with the restriction enzyme Swal
(New England Biolabs) according to the manufacturer’s instruc-
tions. Then, 300 ng of linearized pLOC entry vector, 100 ng of
amplified GOI, 1:10 (v/v) SLIiCE extract, and 1:10 (v/v) T4 ligase
buffer (New England Biolabs) were incubated for 1 h at 37°C. After
incubation, the SLiCE mixture was used to transform XLI1-blue
bacteria by heat shock. The transformants were selected on LB-Amp
plates supplemented with 10% (v/v) glucose after overnight incuba-
tion at 37°C. Positive clones were identified by sequencing using
primers 4 and 10 (see Appendix Table S1).

Site-directed mutagenesis of selected phosphosites

For the site-directed mutagenesis of the N-terminal TRAF2 phospho-
sites and TRAF2 K—R mutants, the QUIKChange II XL site-directed
mutagenesis kit (Agilent) was employed. The site-directed mutagen-
esis was performed by PCR amplification of pLOC-TRAF2 using
specific primers (see Appendix Table S2), according to the manufac-
turer’s instructions.

Molecular biology and protein purification for TRAF2-1SG15

binding assays

ISG15, TRAF2, and influenza B virus NS1B were cloned into pCoofy
vector as a N-terminal His-GST fusion. Plasmids were transformed
into Rosetta (DE3) pLacl cells, grown in TB medium, and expression
induced with 200 uM IPTG at ODgg 0.4-0.8. After induction,
cultures were grown for 16 h at 18°C. Cells were re-suspended in
lysis buffer (50 mM Tris pH 8.0, 150 mM NaCl, 2 mM B-
mercaptoethanol, protease inhibitor cocktail [Roche]) and lysed by
sonication. Proteins were purified in tandem with His- and
glutathione resin. Purified proteins were cleaved overnight with His-
3C PreScission protease at 4°C. Following cleavage, the His-GST tag
and His-3C protease were removed by a His pull-down. Proteins
were either further purified by SEC (Superdex 75 10/300 GL, GE Life
Sciences) or immediately buffer exchanged into storage buffer
(50 mM Tris, 150 mM NaCl, 2 mM DTT). Proteins were concen-
trated and flash-frozen in liquid nitrogen.

Cell biology

Cell culture

U937 cells (CRL-1593.2) were purchased from the ATCC. The cells
were cultured according to the manufacturer’s instructions, in
RPMI-1640 medium (Life Technologies) supplemented with 100 U/
ml penicillin (GIBCO), 100 pg/ml streptomycin (GIBCO), and 10%
(v/v) heat-inactivated fetal bovine serum (GIBCO; complete RPMI
medium). The cells were incubated at 37°C under 5% CO,.

HEK293T cells (CRL-3216) were purchased from ATCC. The cells
were cultured according to the manufacturer’s instructions, in
DMEM (Life Technologies) supplemented with 100 U/ml penicillin
(GIBCO), 100 pg/ml streptomycin (GIBCO), 1x Glutamax (GIBCO),
and 10% heat-inactivated fetal bovine serum (complete DMEM
medium). The cells were incubated at 37°C under 5% CO,.

Primary human monocytes were obtained by culturing primary
human monocytes enriched from buffy coats as described previously
(Rieckmann et al, 2017). Primary human macrophages were dif-
ferentiated in RPMI-1640 medium (Life Technologies) supplemented
with 100 U/ml penicillin (GIBCO), 100 pg/ml streptomycin (GIBCO),
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10% (v/v) heat-inactivated fetal bovine serum (GIBCO), and 50 ng/
ml M-Csf. The cells were incubated at 37°C under 5% CO,.

NFkB reporter cell lines

U937 cell lines were transduced with Cignal Lenti NFxB-reporter
constructs (Qiagen) according to the manufacturer’s instructions.
The transductants were selected in the presence of puromycin
(5 pg/ml) for 14 days to establish stable cell lines.

Cell lines for epitope-tagged bait proteins

For lentivirus production, HEK293T cells (2 x 10° one six-well)
were transfected with sequence-validated pLOC-GOI vectors using
polyethyleneimine (Polysciences) as a transfection reagent. Helper
plasmids pMD2.G, psPAX, and the pLOC vector harboring the GOI
were combined in a ratio of 1:1.5:2. After 4-h incubation in complete
RPMI medium at 37°C under 5% CO,, the transfection mix was
removed and fresh complete RPMI medium was added. Lentiviral
supernatant was collected after 48-h incubation at 37°C under 5%
CO,, centrifuged (500 g, 5 min), filtered (0.45 pm), and supple-
mented with 8 pg/ml polybrene (Sigma). Then, the virus (complete
supernatant of one six-well) was added to 0.2 Mio U937 cells or
U937-NFkB Reporter Cell lines, incubated for 4 h at 37°C under 5%
CO,, following which fresh medium was added. Selection pressure
with blasticidin (10 pg/ml; Invivogen) was introduced after 48 h.
The cells were cultured for 2 weeks under the selective pressure
and then directly used in MIP-APMS experiments.

Transduction of primary human macrophages was performed as
previously described (Berger et al, 2011). In short, 10 Mio macro-
phages were transduced with a mix of VPX-Vlps and pLOC lenti-
virus (v/v, 50%) in the presence of polybrene (8 pg/ml), incubated
for 4 h at 37°C under 5% CO,, following which fresh medium was
added. Cells were harvested after 72h and then directly used in MIP-
APMS experiments.

HEK293T (10 Mio) cells were transfected with pLOC-MAPK14-
HisGSGFlag or pLOC-MAPK14-Strep using polyethyleneimine (Poly-
sciences) as a transfection reagent. After 4-h incubation in complete
DMEM medium at 37°C under 5% CO,, the transfection mix was
removed and fresh complete DMEM medium was added. Cells were
harvested after 72h and then directly used in MIP-APMS, Flag-MS,
and Strep-MS experiments.

TLR2 activation of U937 cells

Cells (5 Mio suspension) were seeded in deep-well 24-well plates,
with one plate was used per cell line. TLR2 activation with
PAM3CSK4 (0.5 pg/ml; Invivogen) was performed in a reverse time
course and in quadruplicate, for 30, 15, 5, and 0 min at 37°C under
5% CO,. The 0 min time point was not treated with PAM3CSK4.
The cells were harvested by centrifugation and flash-frozen and
stored at —80°C until MIP-APMS.

Drug mode of action on MAPK14

Cells (5 Mio) were seeded in deep-well 24-well plates. The cells
were treated with MAPK14 inhibitors (sorafenib: 10 pM; skepinone-
L: 80 nM; and JX-401: 10 pM) for 2 h at 37°C under 5% CO, in
quadruplicate. Inhibitor-treated cells and controls either harvested
directly or were activated with PAM3CSK3 (P3C4, 0.5 pg/ml;
Invivogen) for 30 min at 37°C under 5% CO,. Cells were harvested
by centrifugation and frozen until MIP-APMS.
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CRISPR/Cas9 Knockout

CRISPR knockout experiments were performed to identify potential
novel interactors of MAP3K7 (see Appendix Table S3). For effective
delivery of gRNA and Cas9, the transEDIT gRNA Plus Cas9 Expres-
sion vector with blasticidin was purchased from Transomics. For
the experiment, gRNAs were designed using the web tool CHOP-
CHOP (Labun et al, 2016) and cloned into the transEDIT vector
according to the manufacturer’s instructions (the primer list is
provided in Appendix Table S3). Virus for each gRNA was produced
as explained above (Cell Lines for Epitope-Tagged Bait Proteins).
The U937-NFkB reporter cells were transduced and co-selected
using puromycin (5 pg/ml) and blasticidin (10 ug/ml) at 37°C under
5% CO,.

Luciferase reporter assay

U937-NFkB reporter cells (5 x 10*) were seeded in quadruplicate on
the day before the experiment. The cells were activated with
PAM3CSK4 (0.5 pg/ml; Invivogen) for 6 h and harvested in passive
lysis buffer (Promega). Luminescence of Renilla luciferase was
determined in a dual-luciferase reporter assay (Promega), according
to the manufacturer’s instructions, using a microplate reader
(Tecan).

Biochemistry

Western blots

One million U937 cells were stimulated, washed in PBS, and lysed
in buffer (4% SDS, 40 mM HEPES [pH 7.4, 10 mM DTT] supple-
mented with protease inhibitors [Sigma-Aldrich, 4693159001]).
Samples were centrifuged (16,000 g, 10 min), Li-LDS sample buffer
was added to a final concentration of 1x, and the supernatant was
incubated (5 min, 95°C). Proteins were separated on 12% Novex
Tris-glycine gels (Thermo Fisher Scientific, XP00120BOX) and trans-
ferred onto PVDF membranes (Merck Millipore, IPVH00010) or
Nitrocellulose membranes (Amersham, 10600002). Membranes
were blocked in 5% BSA in PBST, and antibodies were diluted in
2% BSA in PBST. Antibodies used for immunoblotting were as
follows (diluted 1:1,000): phospho-p38 MAPK (Thr180/Tyr182)
antibody (Cell Signaling, 9211), GAPDH (14C10) rabbit mAb (Cell
Signalling, 2118), p38 MAPK (R&D, AF8691), ARHGEF18 (Sigma,
HPA042689), MAP3K7 (R&D, MAB5307), FOSB (R&D, AF2214) and
anti-rabbit IgG, HRP-linked antibody (Cell Signaling, 7074).

His-IMAC enrichment

Frozen pellets of 19 cell lines with bait proteins containing 9x
His-tags in deep-well 24-well plates were defrosted (5 min, 37°C).
The cells were re-suspended in 800 pl of lysis buffer (10 mM
HEPES [pH 7.5; Gibco], 50 mM NaCl [Sigma], 20 mM imidazole
[Sigma], 0.05% NP-40 [Thermo Fisher], 1 mM MgCl, [Sigma],
50 U/ml benzonase [in-house], protease inhibitors [Roche, 1
tablet per 50 ml], and phosphatase inhibitors [Roche, 1 tablet per
50 ml]), incubated for 15 min on ice, and cleared by centrifuga-
tion (500 g, 5 min, 4°C). Supernatants were transferred to deep-
well 96-well plates already containing equilibrated Ni-IDA beads
(JenaBioScience GmbH, 50 pl slurry per well). The plates were
incubated at 4°C for 1 h, shaking. The beads were washed three
times (10 mM HEPES [pH 7.5], 50 mM NaCl, and 20 mM imida-
zole), and the supernatant was removed completely before
proceeding.
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Flag-enrichment

Frozen pellets of HEK293T-MAPK14-HisGSGFlag (1xFlag) and
control cell lines were defrosted (5 min, 37°C). The cells were re-
suspended in 800 pl of lysis buffer (10 mM HEPES [pH 7.5; Gibco],
50 mM NaCl [Sigma], 0.05% NP-40 [Thermo Fisher], 1 mM MgCl,
[Sigma], 50 U/ml benzonase [in-house], protease inhibitors [Roche,
1 tablet per 50 ml], and phosphatase inhibitors [Roche, 1 tablet per
50 ml]), incubated for 15 min on ice, and cleared by centrifugation
(500 g, 5 min, 4°C). Supernatants were transferred to deep-well 96-
well plates already containing equilibrated anti-Flag M2 agarose gel
(Sigma, 50 pl slurry per well). The plates were incubated at 4°C for
1 h, with shaking at over 1,500 rpm. The beads were washed three
times (10 mM HEPES [pH 7.5], 50 mM NaCl) and the supernatant
was removed completely before proceeding.

Strep-enrichment

Frozen pellets of HEK293T-MAPK14-Strep (1x Strep-tag II) and
control cell lines were defrosted (5 min, 37°C). The cells were re-
suspended in 800 pl of lysis buffer (10 mM HEPES [pH 7.5; Gibco],
50 mM NaCl [Sigma], 0.05% NP-40 [Thermo Fisher], 1 mM MgCl,
[Sigma], 50 U/ml benzonase [in-house], protease inhibitors [Roche,
1 tablet per 50 ml], and phosphatase inhibitors [Roche, 1 tablet per
50 ml]), incubated for 15 min on ice, and cleared by centrifugation
(500 g, 5 min, 4°C). Supernatants were transferred to deep-well 96-
well plates already containing equilibrated MagStrep “type3” beads
(iba, 50 pl slurry per well). The plates were incubated at 4°C for
1 h, with shaking at over 1,500 rpm. The beads were washed three
times (10 mM HEPES [pH 7.5], 50 mM NacCl), and the supernatant
was removed completely before proceeding with sample preparation
for on-bead digestion. For elution, beads were incubated with 50 pl
1x buffer BXT (IBA Lifesciences) and purified proteins were eluted
at room temperature for 30 min with constant shaking at 1,100 rpm
on a ThermoMixer C incubator as described previously (Gordon
et al, 2020). Proportional amounts of bead and elution were
analyzed.

Combination of MIP-APMS with GlyGly enrichment

We used 500 Mio TRAF2-U937 cells and performed His-IMAC
enrichment as described above adjusted for higher input. The
sample was digested as explained below under sample preparation.
Peptide desalting was performed on SepPack C18 columns as per
the manufacturer’s instruction. After elution, peptides were lyophi-
lized overnight. The lyophilized sample was reconstituted in 900 ul
cold immunoaffinity purification buffer (IAP; 50 mM MOPS, pH 7.2,
10 mM Na,HPO4, 50 mM NaCl). For the enrichment of diGly
remnant containing peptides, antibodies of the PTMScan”™ Ubiquitin
Remnant Motif (K-e-GG) Kit (Cell Signaling Technology [CST] were
first cross-linked to beads). For this, one vial of antibody-coupled
beads was washed three times with 1 ml cold cross-linking buffer
(100 mM sodium tetraborate decahydrate, pH 9.0), followed by 30-
min incubation in 1 ml cross-linking buffer (20 mM dimethylpimip-
imidate in cross-linking wash buffer) for 30 min at room tempera-
ture and gentle agitation. After two consecutive washes with 1 ml
cold quenching buffer (200 mM ethanolamine, pH 8.0) and 2-h
incubation in 1 ml cold quenching, crosslinked beads were washed
three times with 1 ml cold IAP buffer and 1/24 was immediately
used for immunoaffinity purification. For this, peptides were added
to crosslinked antibody beads and incubated for 2 h at 4°C under
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gentle agitation. After incubation, beads were sequentially washed
two times with cold IAP buffer and five times with cold ddH,O in
GF-StageTips. Thereafter, peptides were eluted twice with 50 ul
0.15% TFA into SDB-RPS StageTips. Eluted peptides were loaded
onto stationary material and washed once with 200 ul 0.2% TFA
and once with 200 pl 0.15% TFA/ 2% ACN. Peptides were eluted
from SDB-RPS StageTips with 60 pl 1.25% ammonium hydroxide
(NH,OH)/80% ACN and dried using a SpeedVac centrifuge (Eppen-
dorf, Concentrator plus). For mass spectrometry, dried peptides
were re-suspended in 9 ul A* (2% ACN, 0.1% TFA).

Analytical size-exclusion chromatography binding assays

Binding assays were performed with ISG15 (1-157 aa) and TRAF2
variants (1-185 aa) on a Vanquish HPLC system (Thermo Fisher
Scientific) using an AdvanceBio size-exclusion chromatography
column (Agilent Technologies). As a positive control for ISG15 bind-
ing, the influenza B virus NS1B protein (1-103 aa) was used. Prior
to analytical sizing, the column was pre-equilibrated with SEC
buffer (50 mM Tris pH 7.5, 150 mM NaCl, 2 mM DTT). ISG15
(30 pM) was mixed with TRAF2 variants or NS1B (25 uM) prior to
injection on the column. Fractions were mixed with SDS sample
buffer and resolved on a 4-20% gradient SDS/PAGE. Gels were
visualized by Coomassie staining.

Quantitative proteomics analysis

MIP-APMS sample preparation

After His-IMAC, the beads were re-suspended in 50 pl of 8 M urea
and 40 mM HEPES (pH 8.0). LysC digestion (Wako, 0.5 pg/pl, 1 pl)
was performed for 3 h at room temperature - 25°C (with shaking,
1,500 rpm). Afterward, the samples were diluted (1:6) with water
and digested with trypsin (Sigma; 0.5 pg/pl, 1 pl) for 16 h (room
temperature, with shaking, 1,500 rpm). The digests were centri-
fuged (5 min, 500 g), and the supernatants were transferred to new
96-well plates. Cysteines were reduced by the addition of dithio-
threitol (1 mM, room temperature, 1,500 rpm, 30 min), before
proceeding to cysteine alkylation with iodoacetamide (55 mM,
room temperature, 30 min, dark). Excess iodoacetamide was
quenched by adding thiourea (100 mM, room temperature, 10 min)
prior to acidification for peptide desalting with trifluoroacetic acid
(TFA; final concentration: 1% v/v). Peptides were loaded onto C18
StageTips (EmporeTM, IVA-Analysentechnik). They were then
eluted with 80% acetonitrile, dried using a SpeedVac, and re-
suspended in a solution of 2% acetonitrile, 0.1% TFA, and 0.5%
acetic acid.

Whole-proteome MS sample preparation

Cells were lysed in SDC-lysis buffer and digested with LysC and
trypsin, as described previously (Kulak et al, 2017). Peptides were
desalted on stacked poly(styrene-divinylbenzene) reversed-phase
sulfonate plugs and eluted with a mixture of 80% acetonitrile, 19%
ddH,0, and 1% ammonia. MS measurements were performed in
replicate (n = 3) using Q Exactive HF (Thermo Fisher Scientific).

LC-MS/MS

Peptides were separated using an EASY-nLC 1200 HPLC system
(Thermo Fisher Scientific) coupled online to the Q Exactive HF and
Q Exactive HF-X mass spectrometer via a nanoelectrospray source
(Thermo Fisher Scientific), as described before (Scheltema et al,
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2014; Kelstrup et al, 2018). Peptides were loaded in buffer A (0.5%
formic acid) on in-house packed columns (75 pm inner diameter
and 20 cm long; packed with 1.9-pm C18 particles from Dr. Maisch
GmbH, Germany). Peptides were eluted using a nonlinear 95-min
gradient of 5-60% buffer B (80% acetonitrile and 0.5% formic acid)
at a flow rate of 300 nl/min and a column temperature of 55°C. The
operational parameters were monitored in real-time by using the
SprayQC software (in-house) (Scheltema & Mann, 2012). The Q
Exactive HF and Q Exactive HF-X were operated in a data-
dependent acquisition positive mode with a survey scan range of
300-1,650 m/z and a resolution of 60,000-120,000 at m/z 200. Up
to 15 most abundant isotope patterns with a charge of > 1 were
isolated using a 1.8 Thomson (Th) isolation window and subjected
to high-energy collisional dissociation fragmentation at a normal-
ized collision energy of 27. Fragmentation spectra were acquired
with a resolution of 15,000 at m/z 200. Dynamic exclusion of
sequenced peptides was set to 20 s to reduce repeated peptide
sequencing. Thresholds for ion injection time and ion target values
were set to 20 ms and 3E6 for the survey scans, and 55 ms and 1ES
for the MS/MS scans. Data were acquired using the Xcalibur soft-
ware (Thermo Scientific).

Quantification and statistical analysis

Peptide identification and LC-MS/MS data analysis

MaxQuant software (version 1.5.3.16) was used to analyze MS raw
files. MS/MS spectra were searched against the human Uniprot
FASTA database (version July 2015, 91,645 entries) and a common
contaminants database (247 entries) by the Andromeda search
engine (Cox & Mann, 2008). Cysteine carbamidomethylation was
set as a fixed modification, and N-terminal acetylation and methion-
ine oxidation were set as variable modifications. To identify and
quantify phosphorylation, acetylation, and methylation, variable
modification search was consecutively performed. Enzyme speci-
ficity was set to trypsin, with a maximum of two missed cleavages
and a minimum peptide length of seven amino acids. FDR of 1%
was applied at the peptide and protein level. Peptide identification
was performed with an allowed initial precursor mass deviation of
up to 7 ppm and an allowed fragment mass deviation of 20 ppm.
Nonlinear retention time alignment of all analyzed samples was
performed using MaxQuant. Peptide identifications were matched
across all samples within a time window of 1 min of the aligned
retention times. Protein identification required at least one “razor
peptide” in MaxQuant. A minimum ratio count of 1 was required for
valid quantification events using the MaxQuant’s LFQ algorithm
(MaxLFQ). Data were filtered for the presence of common contami-
nants and peptides only identified by site modification, and hits to
the reverse database (Cox & Mann, 2008) were excluded from
further analysis.

Dependent peptide in MaxQuant analysis was performed to
analyze unbiased PTMs on MAPK14 with standard parameters
(FDR < 0.01, Mass bin size 0.0065 Da). For TagGraph analysis,
sequence interpretations were first analyzed with the de novo
search engine Peaks. Peaks analysis was performed with 10 ppm
precursor mass tolerance and 0.01 Da fragment mass tolerance (Ma
et al, 2003). TagGraph analysis was performed using human Uniprot
FASTA database (version July 2015, 91,645 entries), with FDR
cutoff of 0.1, and all other settings remained to unchanged as
present in the software distribution.
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Interactor calling

We integrate differences in intensity and abundance as described
before (Keilhauer et al, 2015). We employ an AE-MS workflow with
quantitative MS, which means that we use not only the information
for protein identification but also for protein quantification for post-
experiment interactor calling. To determine which proteins are
substantially enriched (i.e., bait and prey proteins), AE-MS employs
standard statistical testing (t-test) with a multiple hypothesis correc-
tion (FDR 0.01 for multiple hypothesis testing). In detail, each quan-
tified protein had to be identified with more than one peptide and in
more than 60% of replicates of at least one cell line to be considered
valid. Protein LFQ intensities were log-transformed to the base of 2
and missing values imputed from a random normal distribution
centered on the detection limit (width = 0.3, Down Shift:1.8).
Samples were clustered by using Pearson correlation into different
control groups in the Perseus environment leading to three separate
groups (see Fig EV3K). To identify the interactors, a two-tailed
Student’s t-test (permutation-based FDR < 0.01 with 250 random-
izations, enrichment > 2) with a minimum of 10 valid values in the
first group was performed in the Perseus environment, using all
other cell lines in the respective control group (Tyanova et al,
2016). Here, the baits were loaded as first group and second group
mode was selected as “complement”. Significant interactors were
compared to the STRING and Biogrid databases (Szklarczyk et al,
2015; Chatr-Aryamontri et al, 2017) and overlaps were denoted in
the Figs.

SAINT analysis via crapome

MAPK14 His IPs and controls (U937 transduced with His-Tag)
were performed in triplicates and uploaded to the SAINT-based
Crapome server (https://reprint-apms.org) (Mellacheruvu et al,
2013). As Experiment Type, we selected single-step epitope tag
APMS and spectral counts as quantitation Type. As external
controls, we selected PBMC (cell/tissue type), agarose (affinity
support), and Q Exactive (Instrument type). The primary empiri-
cal fold change score (FC-A) was calculated by user controls
using average for combining replicates (number of virtual
controls = 10). The secondary fold change score was calculated
by all controls (user + external controls) using geometric mean
for combining replicates (number of virtual controls = 3). The
probabilistic SAINT Score was calculated by user controls (com-
bining replicates: average) and 10 virtual controls. Saint options
were 2,000 n-burn, 4,000 n-iter, 0 LowMode, 1 MinFold, and 1
Normalize.

Analysis of dynamic PTMs and PPIs

Prior to the analysis of dynamic PPIs, LFQ intensities of significant
interactors of each replicate were normalized to the LFQ intensities
of the respective bait proteins to avoid loading artifacts.

LFQ intensity (prey — protein)
LFQ intensity (bait — protein)

LFQ — intensity (prey — protein), . i,eq =

A two-tailed Student’s t-test (P-value < 0.05) was performed on
the previously identified significant interactors comparing un-
activated conditions versus activated conditions at different time
points. Significant dynamic preys were reported with an asterisk in
the heatmaps.
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Conversely, intensities of modified peptides of each replicate
were normalized to the intensity of the respective protein intensity
to decrease the total coefficient of variation. PTMs that had valid
values in at least 3 replicates of at least one time point were consid-
ered for the analysis. No imputation was performed.

Intensity(modified peptide of proteinX), ; maiized =
Intensity(modified peptide of protein X)
Intensity (protein X) ’

A two-tailed Student’s t-test (P-value < 0.05) was performed on
the previously identified significant interactors and modified
peptides, respectively, comparing un-activated conditions versus
activated conditions at different time points. Significant dynamic
preys/PTMs were reported with an asterisk in the heatmaps.

Unsupervised clustering

Intensities of dynamically regulated PPIs (357) and PTMs (178)
upon TLR 2 activation were filtered for at least 70% valid values
and normalized per time point (PPIs to bait protein intensity and
PTMs to protein intensity of the modified protein as explained
above). The median of each time point was calculated and then Z-
scored. Pearson correlation was calculated between each of the PPIs
and PTMs, and results were visualized by hierarchical clustering.
The data were clustered and median z-scored intensities (confidence
interval: 0.95) were plotted against the time course of TLR2 activa-
tion (method = loess, y ~ x). N shows the number of PPIs/PTMs
corresponding to each cluster.

Analysis of whole-proteome data

Full proteomes were measured in triplicates as described under
peptide identification and LC-MS/MS data analysis. Data were fil-
tered for the presence of common contaminants and peptides only
identified by site modification, and hits to the reverse database (Cox
& Mann, 2008) were excluded from further analysis. As a require-
ment, each quantified protein had to be identified with more than
one peptide and in more than 60% of replicates of at least one cell
line to be considered valid. Protein LFQ intensities were log-
transformed to the base of 2 and missing values imputed from a
random normal distribution centered on the detection limit (width =
0.3, Down Shift:1.8). To identify differentially expressed proteins
between wildtype and transduced cell lines, a two-tailed Student’s t-
test (permutation-based FDR < 0.05 with 250 randomizations,
enrichment > 2) with a minimum of two valid values in the first
group was performed in the Perseus environment, using all other
cell lines in the respective control group (Tyanova et al, 2016). Copy
numbers were calculated with the Perseus Plugin Proteomic Ruler,
which normalizes protein intensity to the molecular mass of each
protein (Wicniewski et al, 2014).

Data availability

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository with
the dataset identifier PXD010996. The datasets produced in this
study are available in the following database: https://www.ebi.ac.
uk/pride/
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Project accession: PXD010996 (http://www.ebi.ac.uk/pride/arc
hive/projects/PXD010996).

Further information and requests for resources and reagents
should be directed to and will be fulfilled by the Lead Contact, Felix
Meissner (felix.meissner@uni-bonn.de).

Expanded View for this article is available online.
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The post-translational modification of proteins is a vital cellular strategy to rapidly
respond to environment perturbations. In Saccharomyces cerevisiae, for instance,
carbon-stress induced gluconeogenesis is terminated upon glucose availability via the
ubiquitination and subsequent degradation of gluconeogenic enzymes such as fructose-
1,6-bisphosphatase (Fbpl), malate dehydrogenase (Mdh2), and isocitrate lyase (Icll)
[195]. The glucose-induced degradation-deficient (GID) E3 ligase complex holds a
central role in the carbohydrate metabolism [196] and glucose-induced degradation of
gluconeogenic enzymes. In this study, the Schulman group characterized state specific
GID complex assemblies, as well as their mechanistic properties. Interestingly, they
found an anticipatory GID complex that can readily assemble with different substrate
receptors to enable specialized responses to various environmental stimuli.

| contributed to this study by mapping ubiquitination sites on Mdh2, a well-known
substrate of the GID complex. For this, Mdh2 was ubiquitinated in-vitro and after
optimized enzymatic digestion to increase protein sequence coverage, modification
sites were mapped via MS. These sites may concurrently interact with Gid4 and Gid2
RING activated Ubc8~Ub intermediates. Furthermore, | analyzed the GID complex
composition via MS after immunoprecipitation of tagged Gid8 and identified Gid7 to have

a markedly lower abundance than other Gid components.
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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 GIDS®* recruiting N termini and catalyzing ubig-
uitylation of gluconeogenic enzymes. Here, genetics,
biochemistry, and cryoelectron microscopy define
molecular underpinnings of glucose-induced degra-
dation. Unexpectedly, carbon stress induces an
inactive anticipatory complex (GIDA™), which awaits
a glucose-induced substrate receptor to form the
active GIDSF*, Meanwhile, other environmental per-
turbations elicit production of an alternative substrate
receptor assembling into a related E3 ligase complex.
The intricate structure of GIDA™ enables anticipating
and ultimately binding various N-degron-targeting
(i.e., “N-end rule”) substrate receptors, while the
GIDSR* E3 forms a clamp-like structure juxtaposing
substrate lysines with the ubiquitylation active site.
The data reveal evolutionarily 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 S. cerevisiae, for
example, chaperone induction to enable protein folding during
heat stress, kinase activation to control osmolarity, and glyco-
lytic or gluconeogenic enzyme expression to switch metabolism.
An emerging concept is that cells also have “anticipatory” pro-
grams whereby an altered growth condition triggers not only

150 Molecular Cell 77, 150-163, January 2, 2020 © 2019 Elsevier Inc.

pathways rescuing cells from immediate dangers but als:
expression of proteins that could be required for subsequen
shifts in conditions (Mitchell et al., 2009; Tagkopoulos et al.
2008). If the anticipated perturbation does occur, cells cal
more rapidly adapt to the new environment through expressiol
of yet other genes. For example, chaperones are induced at tem
peratures below those causing global misfolding, thereb
increasing proteostasis capacity should a more severe late
stress further compromise cellular protein folding (Klaips et al
2014). Determination of protein fate by ubiquitylation is anothe
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 change
remains rudimentary. The questions of if and how E3 ligas:
structures play roles in cellular anticipation and responses t
perturbations in the extracellular milieu are largely unexplored.

The ubiquitin (Ub) system has long been known to regulat
yeast carbon catabolite repression (Zaman et al., 2008
Although yeast growing on non-fermentable carbon source
(e.g., ethanol) require gluconeogenic production of glucose
this energetically costly pathway is futile and therefore termi
nated when sugars are available. This not only involves multifac
eted transcriptional responses but also glucose-induces
degradation (Gid) of gluconeogenesis enzymes such a
fructose-1,6-bisphosphatase (Fbp1), malate dehydrogenas
(Mdh2), and isocitrate lyase (Icl1) (Chiang and Schekmar
1991; Chiang and Chiang, 1998; Gancedo, 1998; Hoffman an
Chiang, 1996; Schork et al., 1994a, 1994b). The original Gi
gene products defined by genetics and biochemistry includi
the E2 Ub-conjugating enzyme Gid3 (hereafter referred to a
Ubc8), the deubiquitylating enzyme Ubp14 (Gid6), and a GII
complex loosely defined by physical interactions of Gid1, GidZ
Gid4, Gid5, Gid7, Gid8, and Gid9 (Braun et al., 2011; Franci
et al., 2013; Menssen et al., 2012; Regelmann et al., 2003; Sani
etal., 2008; Schille 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 ubiquitylatio
(Braun et al., 2011; Francis et al., 2013; Menssen et al., 2012
Schile et al., 2000). A recent breakthrough in our understandiny
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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 (formerly termed “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 et 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,
Mdh2, and Icl1 each harbor natively exposed GID E3-targeting
N-terminal 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 determines 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., 2018). A crystal structure of peptide-bound
human Gid4 showed the basis for N-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 Pfirrmann, 2019; Nguyen et al., 2017; Pfirrmann et al.,
2015; Soni et al., 2006)

Here we reveal molecular mechanisms underlying assembly
and activity of the largely mysterious 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 investigated 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. Yeasts were grown in various carbon sour-
ces known to determine GID E3 ligase activity (Oh et al., 2017,
Regelmann et al., 2008), 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 S1), led to three major conclusions
(Figure 1B). First, in carbon recovery conditions that prompt

degradation of gluconeogenesis enzymes, Gid1, Gid8, Gid5,
Gid4, Gid9, and Gid2 comigrate, suggesting that these subunits
form a minimal stable E3 ligase including the substrate receptor
Gid4, which we term GIDSR*, 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
GIDSR* subunits except Gid4 increase, and they comigrate in
the density gradients. This suggests that during energetically
expensive growth on a 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 term the complex containing
Gid1, Gid2, Gid5, Gid8, and Gid9 “GIDA™,” surmising that
when produced during carbon stress GID*™ would be benign to-
ward 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
GIDSR* E3 ligase.

The distinct migration of Gid7 was corroborated by its sub-
stantially lower abundance relative to other Gid subunits
observed by quantitative proteomic analysis of a tagged Gid8
immunoprecipitate. Also, Gid7 deletion did not appreciably
affect GID assembly (Figures S1A and S1B). Although there
may be settings when GIDS?* 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
contribute 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®R* complexes (Figure 1C) that reconstitute
known GID features. First, together with the E2 enzyme Ubc8,
GIDSR4, but not GIDA™, catalyzed robust polyubiquitylation of a
recombinant gluconeogenic enzyme substrate, Mdh2 (Fig-
ure 1D). Second, in accordance with impaired degradation of a
Gid substrate upon overexpressing a dominant-negative Ub
K48R mutant in vivo (Schork et al., 1995), 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 GIDS?* (Figures 1E and 1F).

Three-dimensional (3D) reconstructions at 9 A resolution ob-
tained by cryoelectron microscopy (cryo-EM) further validated
our recombinant system. Comparing the EM maps for recombi-
nant GID"™ and that purified from yeast cultured 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-EM at this reso-
lution, is indeed a complex of Gid1, Gid2, Gid5, Gid8, and Gid9.

Prominent additional density correlating with the presence of
the substrate receptor subunit Gid4 was readily visible in the
map of recombinant GIDS?* (Figure 1G). The overall structure
of the GIDSR* 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.
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Figure 1. Regulation and Reconstitution ¢

G [ 1]

Yeast GID E3 Ligase Complexes

Gid8

(A) Sucrose density gradient fractionation ¢

S. cerevisiae lysates from cells harvested from fou

Gid5 [#==

conditions: stationary growth in glucose-rich me

dium (normal), ethanol (carbon stress), and switc

Gido[—— ] ]

to glucose-rich medium for 30 and 120 min (carbo

=
[
[
(
[

]

Gid2

recovery 30 and 120 min, respectively). Gid sub
units tagged at their endogenous loci were visu

Gid7[= ] ] [ —|

alized by western blotting. Asterisk indicates

[===

44 7I5 158 450«569
Carbon recovery
30 min

TN f 748 5, P |
MW 7{75155 440-669 4475158 440-669

Normal Carbon stress

D

GIDA™ +

+
Ra ngbcs -

B
c E  GsTeaffinity
W oA _ GIDS wr ProlN

non-specific anti-Flag interaction.

(B) Cartoons representing GID assemblies i
different environmental conditions, on the basis ¢
migration patterns of subunits in sucrose densit
gradients.

(C) Coomassie-stained SDS-PAGE of recombinar
GID*™ and GIDS™.

(D) Fluorescent scan examining ubiquitylation ¢
fluorescently labeled Pro/N-degron substrat
Mdh2 (Mdh2%). Assays test dependence on E
(Ubc8) and substrate receptor (Gid4). Note
GID™ + Gid4 = GIDS™,

4475158 440.669
Carbon recovery
120 min

t
130[% 2xS-

- GST-
Gid4

pe—

L
-

Mdh2*-Ub,

Mdh2

028]/028/028

(E) Role of substrate N-terminal Pro, tested wit
wild-type (WT) Mdh2 or N-terminal Pro-to-Se
mutant, in binding GST-tagged substrate receptc
Gid4 in vitro.

(F) Ubiquitylation of WT or N-terminal Pro-to-Se
mutant Mdh2-Hisg visualized by western blot wit

n

Mdh2-Ub

028|028

Mdh2

time (min)

GIDA™ GIDSR

9

{
|

v
~

L5

-

w ¥

\

Recombinant Recombinant

Endogenous

Modular GID E3 Ligase Assembly
Refinement of the cryo-EM data for GI yielded a 3D recon-
struction at 3.8 A resolution (Tables 1, 2, S1, and S2; Figures
S2-S6). Atomic coordinates for Gid4, Gid5, Gid8, and much of
Gid1 and Gid9 were generated by a combinatorial approach
involving cryo-EM maps of many variant complexes and auto-
mated and manual model building (Table 2; Figures S2-S6). Addi-
tional predicted domains from Gid1, Gid2, and Gid9 were approx-
imately docked into lower resolution density (Figures S5B, S6A,
and S6B). The multidomain nature of Gid proteins enabled struc-
ture validation through (1) testing effects of deleting specific
subunits or domains on cryo-EM reconstructions; (2) strong corre-
lations upon superimposing structures of human Gid4 substrate-
binding and Gid1 Spla and Ryanodine receptor (SPRY) domains
(1.0 and 0.73 root-mean-square deviation [RMSD], respectively)
(Dong et al., 2018; Li et al., 2011); (3) visualizing predicted arma-
dillo repeats in Gid5 and LisH-CTLH-CRA domains in Gid1,
Gid8, and Gid9; and (4) concordance between the structure and
effects of mutations observed in prior studies of GID E3 assembly
invivo (Braun et al., 2011; Menssen et al., 2012; Santt et al., 2008).
Overall, the EM data reveal that the GID E3 is organized
around three structural and functional modules (Figure 2): the

DSR4
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anti-Hisg tag antibody.

(G) Cryo-EM reconstructions at 9 A resolution ¢
endogenous and recombinant GIDA™ and recom
binant GIDS®. Density attributed to substrate re
ceptor Gid4 is yellow.

(H) Clamp-like structure of Gl assembled fror
substrate receptor Gid4 (SR4), scaffold, and caf
alytic modules.

See also Figure S1 and Tables S1 and S2.

time (min)

SR4 .
Catalytic
module

DSRd

scaffold— Gid1, Gid5, and Gid8, tightly interacting in a manne
that outwardly projects protein interaction domains from eacl
subunit; the substrate receptor— Gid4; and the catalytic mod
ule— the Gid2-Gid9 subcomplex. Details of this assembly an
how it drives ubiquitylation of N-degron substrates are describer
below.

The Scaffold

The foundation of GIDS?* is an interdigitated assembly of Gid1
Gid8, and Gid5 (Figures 2A and S6C-S6F). Gid1 and Gidi
together form a heterodimeric trefoil-shaped structure. At th
vertex, Gid1’s LisH and C-terminal segment of the CRA domail
(LisH-CRA®), and adjacent elements, embrace paralogous re
gions from Gid8, rationalizing why Gid1 and Gid8 stabiliz
each other in vivo (Menssen et al., 2012). The three lobes ¢
the trefoil are formed by (1) Gid1’s SPRY domain, (2) Gid1”
CTLH and N-terminal segment of the CRA domain (CRAM), an
(3) Gid8’s CTLH-CRAN domain and adjacent sequences (Fig
ure S6C). The distal ends of the CTLH-CRAN domains fron
both Gid1 and Gid8 radiate away from the core, while a contin
uous V-shaped surface between Gid1’s SPRY and Gid8"
CTLH domain engages an extended complementary surfaci
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Table 1. Cryo-EM Data Collection, 3D Reconstruction, and Map Refinement

GIDSR4
Minus
Endogenous ~ GIDS™* GIpSeaffold - gpScafiold Gid2/
GIDs™  @ipM gD ARINGs GIDS**  GIDA™  Plus SR&¥ Plus SRE10  GIpSeafold  AGidoRiNG
EMDB code N/A N/A 10331 10332 10327 10326 10330 10329 10328 10333
Microscope/ Arctica/  Arctica/  Arctica/ Arctica/  Krios/K2 Krios/ Krios/K3 Krios/K3 Krios/K3  Krios/K3
detector Falcon Il Falcon Il Falcon Ill Falcon IlI K2
Particles 387,982 388,646 192,972 378,602 615,139 994,904 1,106,310 2,132,595 2,132,595 1,645,121
Pixel size 1.612 1.997 1.612 1.612 1.06 1.06 1.09 1.09 1.09 1.09
Defocus range 15635 1535 15-35 1535 1.1-32 1132 1.1-32 1.1-3.2 1.1-3.2 1.1-3.2
(M)
Voltage (kV) 200 200 200 200 300 300 300 300 300 300
Electron dose 21.3 23.07 22.4 21.4 6.675 7.88 13.57 13.8 13.8 13.62
(e/A%/s)
Exposure time (s) 3 3 3 8 7 4 4
Map resolution 5.1 8.3 9.3 7.3 3.8 3.7 3.4 3.8 3.8 3.2
A"
FSC threshold 0.143 0.143 0.143 0.143 0.143 0.143 0.143 0.143 0.143 0.143
Map resolution 45-11.1 6.0-24.0 7.9-25.6 6.0-23.1 3.5-15.8 3.5- 3.1-7.2 3.5-6.5 3.5-7.6 3.0-8.3
range (A) 11.9
Map sharpening  —246 -301 -618 -372 -92 -119 -114 -109 -99 -80

B-factor (A?)

See also Figures S2, S3, S4, and S6.

@According to the Fourier shell correlation (FSC) cutoff criterion of 0.143 defined in Rosenthal and Henderson (2003).

from Gid5. Gid5’s armadillo repeats stack in tandem in a contin-
uous solenoid of roughly one and a half superhelical turns, with
the N-terminal domain (NTD) filling the groove between Gid1
and Gid8, and a C-terminal domain (CTD) radiating outward (Fig-
ures 2A, S6C, and S6E). The scaffold is further buttressed by
loops from all three proteins extending distances up to =70 A
to engage one another.

A protein interaction domain from Gid5 recruits the substrate
receptor Gid4, and Gid8 binds the catalytic module Gid2-Gid9
(Figures S6C and S6F). Weak density corresponding to Gid1’s
CTLH domain also projects outward. Although the structural
role of Gid1’s CTLH domain is presently unknown, we speculate
it binds Gid7 on the basis of its mutation specifically impairing
this interaction in vivo (Menssen et al., 2012).

Scaffold Binding to Substrate Receptor Gid4 Generates
GIDSR4

The substrate receptor, which recruits proteins for ubiquitylation,
is an essential E3 ligase element. A prior structure showed that
human Gid4’s substrate-binding domain is largely a B-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 GIDS?* shows, in turn, how this substrate-bind-
ing domain is incorporated into an active ES ligase (Figures 2B
and 3). Gid4’s C-terminal eight residues anchor the interaction,
by extending into a channel in the concave surface of Gid5°™
(Figures 3B and 3C). Here, successive Gid4 side chains protrude
in opposite directions. Aromatic residues on one side fill pockets
between Gid5 armadillo repeats. Those on the other side
contribute to a composite Gid4/Gid5 interface with an aliphatic

stripe across Gid4’s barrel. Indeed, mutation of key Gid4 and
Gid5 contact residues impaired GIDS?*-catalyzed substrate
ubiquitylation in vitro (Figures 3D and 3E). In vivo, the Gid5 muta-
tions substantially impaired degradation of the gluconeogenic
enzyme Fbp1, 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—
116, upstream of the substrate-binding domain, meandering
over 65 A to loosely wrap around to the convex face of Gid5.
Also a loop 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 GIDSR* activity in vitro or in vivo, suggesting auxiliary roles
(Figure 3F).

Dynamic Gid5 CTD in Anticipation of a Substrate
Receptor

To understand the structure of the GID complex expressed dur-
ing carbon stress, EM data for recombinant GIDA™ were refined
to yield a 3D reconstruction at 3.7 Aresolution (Figures 4, S2, and
S4A; Tables 1 and S1). Comparison with the map of GIDSR*
showed a striking difference in the density corresponding to
Gid5’s substrate-receptor-binding CTD, which is blurred in
GID*™. The Gid5 armadillo repeats are visible, but poor density
precluded refinement to high resolution (Figure 4A). Thus, we
speculate that anticipation is manifested by conformational
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Table 2. Model Refi 1t and Validation Statistics
Map GIDSR* Minus Gid2/AGid9™NG
Refinement

Model Composition

Non-hydrogen atoms 16,071
Protein residues 2,031
Resolution 3.1
FSC map versus model@0.143"

RMS Deviations

Bond lengths (A) 0.005
Bond angles (A) 0.960
Validation

Molprobity score/percentile 1.7
Clashscore/percentile 5.77
Rotamer outliers (%) 0.23
Ramachandran Plot

% favored 94.15
% allowed 5.8
% outliers 0.05

See also Figures S5A and S6.
@According to the map-versus-model correlation coefficient definitions in
Afonine et al. (2018).

dynamics of the Gid5 CTD armadillo repeats prior to capturing
and curling around a substrate receptor subsequently available
upon change in environmental conditions.

Because GIDA™ and GIDS™ are structurally similar beyond
Gid5’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. To test this, we used an
assay that monitors substrate-independent activation of E2~Ub
intermediates (Petroski and Deshaies, 2005; Wenzel et al., 2011).
First, the reactive Ubc8~Ub intermediate (the symbol ~ refers to
thioester linkage) was generated enzymatically, and this reaction
was quenched. Next, lysine was added simultaneously with
various versions of GID E3s. Ub transfer from Ubc8, presumably
to unanchored lysine, was monitored by both disappearance of
Ubc8~Ub and appearance of free Ubc8 in SDS-PAGE. Although
the Ubc8~Ub intermediate was relatively stable on its own over
time, GIDA™ stimulated its rapid discharge with little effect of
titrating a version of Gid4 suitable for substrate recruitment (Fig-
ures 1D 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 ES 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 (Alfieri 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 YGR066C as encoding a protein displaying homology to
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A Scaffold module
Gid1 /- LisH-CTLH-CRA _ E&3)
Gids = il EX -~ I 05
Gid5! Armadillo repeats o2
’ !i ;&o” ‘
B Substrate receptor module
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N-term binding B-barrel  anchor
1 1 |
Gid4 | 362
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hel:ces LisH-CTLH

3
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Figure 2. GID®?* E3 Ligase Modular Architecture

Each panel shows a different module as a domain schematic (top), two view
of cryo-EM density (bottom left), and a cartoon (bottom right). Subunits within
module are color-coded, with others in gray. Darker boxes in the domai
schematic represent regions of the density map into which an atomic mod¢
was built.

(A) Scaffold module comprising Gid1 (green), Gid8 (salmon), and Gid5 (purple
(B) Substrate receptor module consisting of Gid4 (orange).

(C) Catalytic module composed of Gid2 (light blue) and Gid9 (dark blue).
See also Figures S2-S6 and Tables S1 and S2.

Gid2

Gid4, including the Gid5-binding hydrophobic stripe and C-ter
minal anchor (Figure S4C). While our manuscript was unde
consideration, YGR066C was published as a GID E3 substrat
receptor and renamed “Gid10” (Melnykov et al., 2019). Wi
have adopted this nomenclature and had already independent!
performed several experiments suggesting that Gid10 is a bon:
fide alternative substrate receptor for a GID E3. First, bacteriall
expressed Gid10 binds our recombinant GIDA™ (Figure 5A). Sec
ond, Gid10 confers onto GID”™ in vitro ubiquitylation activity to
ward an N-degron substrate, albeit with far lower efficiency thai
Gid4 (Figure 5B). Third, a 3.8-A-resolution cryo-EM reconstruc
tion of Gid10 bound to the scaffold module showed an overa
similar structure to the Gid4-bound complex, including homolo
gous placement of Gid10’s C-terminal anchor and a B-barre
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Figure 3. Formation of GIDS?* E3 Ligase through Incorporation of Substrate Receptor Gid4

(A) Overlay of scaffold-bound S. cerevisiae Gid4 substrate-binding domain with crystal structure of human Gid4 bound to N-terminal Pro peptide (PDB: 6CDC)
(left), showing potential substrate-binding site with a red arrow. Cartoon of N-degron substrate binding by GIDSR (right).

(B) Overview of Gid4 elements binding to GID scaffold. Gid4 (yellow cartoon) binds Gid5°™ (purple surface) via a C-terminal anchor (C, C terminus), an aliphatic
stripe and an N-terminal meander. Disordered residues connecting to N terminus (N) shown as dotted line.

(C) Close-up of Gid4 (yellow) C-terminal anchor and aliphatic stripe interactions with Gid5 (purple). Residues mutated in (D) and (E) are represented as sticks.
(D) Assays testing importance of Gid4 residues in aliphatic stripe and C-terminal anchor on in vitro Mdh2 ubiquitylation and in vivo Fbp1 degradation (quantified as
fraction from time O remaining after switching from carbon stress to carbon recovery).

(E) Assays testing importance of Gid5°™ residues that interact with Gid4 aliphatic stripe and C-terminal anchor on in vitro Mdh2 ubiquitylation and in vivo Fbp1
degradation.

(F) Left: structure and EM density map depicting auxiliary interactions between Gid5°™ and Gid4 N-terminal meander (residues 80-116) and Gid1 SPRY domain
loop (residues 413-418) with peripheral helical insertion in Gid4. Right: assays testing if these elements are not essential for in vitro ubiquitylation of Mdh2 and

in vivo Fbp1 degradation.
(D, E, and F) Error 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 receptors in 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
underlie 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 shown and Melnykov et al., 2019), prior tran-
scriptomics, along with our analyses of protein levels, do not

imply Gid10 expression under these conditions. Rather, Gid10
mRNA is expressed during various stresses, including high
salinity 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 GIDSR'® E3 complex (Figures 5E and 5F; Melnykov
etal., 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 intermediate,
thereby stabilizing a “closed conformation” that activates
discharge of Ub from the E2 active site (Dou et al., 2012;
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Figure 4. Structural Anticipation by GIDA™

(A) Cryo-EM maps and cartoons showing GID*
and GIDS™* with Gid5 purple and Gid4 yellow
Black boxes highlight relatively weaker Gid5°"
density in GID*™, which we presume represent
conformational flexibility in the absence of sub
strate receptor.

(B) Superposition of cryo-EM maps for GIDSF
(gray) and GID*™ (aqua) at low contour.

(C) Assay testing substrate-independent E3 activ
ity. First, the Ubc8~Ub intermediate is generate
enzymatically and this reaction is quenched. Nex

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, where the base of the T connects the catalytic domain to
the scaffold (Figures 2, 6A, 6B, and S6). Here, Gid9’s CTLH-
CRAN 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-Gid9 subdomains. The relatively poor resolution of this
region may suggest mobility of the Gid2-Gid9 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, 6C, S5B, and S6B). One side of the top of the
T is a four-stranded coiled coil, which we speculate corre-
sponds to helices predicted at the N termini of Gid2 and
Gid9 (Kelley et al., 2015).

Significantly, the structure of the catalytic core appears to
place the Gid2 and Gid9 RING domains in a canonical RING-
RING dimer assembly in the clamp-like structure of GIDSR*,
forming the second “jaw” that faces Gid4 (Figures 1H and 6C).
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-Gid9 features.
The subdomain at the extreme edge of the complex can be fitted
with a homology model of the Gid2 and Gid9 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 heterodimerize 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 vivo (Braun
et al., 2011; Regelmann et al., 2003).
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Ubcs~Ub +/- GIDA™ +/- Gid4 Ubc8 + Ub free lysine was added. Reactivity probed by loss ¢
+ free Lys Ubc8~Ub and appearance of Ub was teste
. without an E3, or with GID”™ alone, or with additio
G'd‘km f ; : 'H'I'H' of equimolar and 5% excess of Gid4.
GID = See also Figures S2 and S4A and Table S1.
o [ O [F—— — Ubc8~Ub
. | Gid4
wnldamE= Ubc8
005 10 0-5 10 9-5 1005 1 To validate the locations of the RINGs
time (min) we examined mutant versions of GIDSR

lacking these domains by cryo-EM

Refinement of the data led to two majc
classes. One, indeed, showed selective elimination of the den
sity we attribute to a Gid2-Gid9 RING-RING dimer, while thi
second class superimposed with the map obtained for a sampli
lacking the entire Gid2 subunit as well as the Gid9 RING domail
(Table S1). This is consistent with heterodimeric assembly of thi
RING domains contributing to Gid2 incorporation into a GID E!
in vivo (Braun et al., 2011). Last, we speculate that the remainin
density at the T-junction corresponds to a heterodimeric assem
bly comprising the LisH-CRA® domains from Gid2 and Gid!
and/or the ensuing CTLH domain from Gid2, which would matcl
the size of this subdomain (Figure S6B). Moreover, this hypothe
sis is consistent with the relative orientation of Gid9’s CTLH
CRAN domain, which is inserted between the LisH and CRA'
elements in the sequence of Gid9.

Model of the Catalytic Center Suggests that the
Heterodimeric RING Activates a Single Ubc8~Ub Facing
Substrate

As a first step toward structurally modeling Gl -catalyzet
ubiquitylation, each RING domain docked into the EM densit
was superimposed 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 replaces
with Ubc8. Even with uncertain position of the Gid2-Gid!
RING-RING dimer, the structural modeling suggested that onl
one of the two RING domains would place Ubc8 to face th
Gid5-bound substrate receptor.

To test if the Gid2 and/or Gid9 RING primarily binds Ubc8 ¢
plays a supporting role in activating the Ubc8~Ub intermediate
residues were selected for mutation on the basis of homology ti
three hallmark elements: (1) a hydrophobic surface that bind
E2 loops conserved in Ubc8; (2) potential “linchpin” residues
which can be located on either side of the domain, but irrespectivi
of location insert between the E2 and its thioester-linked Ub t
stabilize the noncovalent interface between them; and (3) a non
RING priming element flanking a RING sequence that function

DSR4
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A Strep- B GID™ Gid10 GID*™+ GIDA+ GIDM+ C Figure 5. A Family of Multisubunit GID E3s
affinity Gid10 Gid4 Gid10 with Swappable Substrate Receptors

2%S-GIDM+ - + AC-term (A) Streptactin pull-down of GID”™ testing binding

Gid10 - + + Gid1 of Gid10.
= (B) Ubiquitylation assay testing potential of Gid10
E—— — = := T — NN to act as a substrate receptor for the GIDSR sub-

T T e o strate Mdh2.

01060 [01060/0106010 0.5 2|0 10 60 (C) Cryo-EM maps of Gid4- and Gid10-bound GID

Time (min scaffold.
D i ( scaffold + (D) Close-up views of overlays of maps of GID

\_* Gid10 - scaffold alone and bound to Gid10 or Gid4.
1 v Gid10 ‘; Gid5 (E) Western blots showing expression of Gid10,
»\ g Gid1 tagged at the endogenous locus, under different
2 4 environmental conditions. Asterisk indicates a
protein interacting non-specifically with anti-Flag
«— scaffold 0—- scaffold antibodies.
4 « scaffold+ Gid8 (F) Model for family of GID E3s with interchange-
on Z(%gf{gld 51d4 scaffold + Gid10 able substrate receptors.
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in trans to allosterically stabilize the closed conformation of the
E2~Ub intermediate bound primarily to the opposite RING in a
dimer (Figure 6D) (Brown et al., 2014; Dou et al., 2012; Kelley
et al., 2015; Plechanovova et al., 2012; Pruneda et al., 2012; Scott
et al., 2014; Zheng et al., 2000). Effects on GIDS™ 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 mirrored 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 GIDSR*
ES ligase activity in vitro. In contrast, the opposite pattern was
observed for the Gid9 mutants, where only the candidate non-
RING priming element significantly abrogated activity. The results
suggest that Gid2’s RING binds and activates the Ubc8~Ub inter-
mediate, assisted by a non-RING priming element from Gid9, to
face the substrate receptor (Figures 6E and 6F).

Model of GIDSF* Ubiquitylating 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 catalytic domain (Figure 6C) suggests
flexibility, perhaps for conformational changes during catalysis,
it is also possible that the large gap accommodates substrates

—

substrate Mdh2 was selected because

(1) robust in vitro ubiquitylation of bacteri-

ally expressed Mdh2 demonstrated that

post-translational modifications are not

required for its N-degron-based substrate

targeting (Figures 1D-1F), and (2) as an

GIDs™ =80 kDa homodimer with 34 lysines,

Mdh2 is the smallest and structurally

most simplistic of known GIDSR 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 manually

rotated while roughly constraining the location of the N-termi-

nal-most ordered residue (L14) proximal to the substrate-binding
site on Gid4 (Dong et al., 2018; Kelley et al., 2015).

Overall, the model suggests that some, but not all, Mdh2 ly-
sines would preferentially access the ubiquitylation 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 easily
accommodate the =10, =20, and =15 A required, respectively,
for Mdh2 to simultaneously engage Gid4 and approach the Gid2
RING activated Ubc8~Ub intermediate. Furthermore, substitut-
ing these residues with arginines severely impaired Mdh2 ubig-
uitylation (Figure 7B). Thus, although detailed knowledge awaits
further structural studies, the EM data presented here enable the
generation of a geometrically reasonable model for N-degron
substrate ubiquitylation (Figure 7C).

DISCUSSION

The cryo-EM reconstructions reported here reveal E3 ligase
assemblies that vary in response to extracellular stimuli
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Figure 6. GID Catalytic Module

(A) Left: T-shaped Gid2-Gid9 catalytic module in low contour EM map of GIDA™, Right: catalytic module elements shown in cartoon: scaffold-binding domai
interacting with Gid8 (salmon), dimerization region, and heterodimeric RINGs.

(B) Homology models of catalytic module elements fitted into EM map generated by focused refinement and signal subtraction. The atomic models of Gid8 an:
Gid9 CTLH-CRAN domains are shown, as is an approximated coiled-coil docked in additional density.

(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 wa
generated by superimposing homology models of Gid2 and Gid9 RINGs onto MDM2-MDMX structure (PDB: 2VJE) (left). (2) Model of Gid2-Gid9 RING-RIN(
domain was docked into map of GIDA™ (center). (3) Density attributed to the Gid2-Gid9 RING-RING domain was not visible in EM map of GIDS™ with the RING
deleted (solid violet map, right).

(D) Left: candidate Gid2 and Gid9 RING “linchpins” (LP) identified by superimposing their homology models with crystal structures of RNF4 (PDB: 4AP4) an
RBX1 (PDB: 4P50) bearing linchpin residues R181 and R46, respectively. Corresponding Gid2 and Gid9 residues are showed as sticks. Right: sequenc
alignments of Gid2 and Gid9 with well-characterized RING domains identified potential E2-binding (E2, yellow) and non-RING priming element (NRP, rec
residues.

(E) Assays testing effects of Gid2 and Gid9 mutations on GID E3 activity, Fbp1 degradation in vivo, and Mdh2 ubiquitylation in vitro. Error bars represent S|
(n = 3).

(F) Cartoon summarizing model for Ubc8~Ub activation 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 GIDSR* 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,
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BRCA1-BARD1 or HDM2-HDMX, that contain heterodimerii
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 Gi is part of th
yeast response to environmental conditions via glucose-induce:
degradation of gluconeogenic enzymes (Santt et al., 2008), ou
data indicate that generation of a GIDA™ complex also occur
in response to an extracellular stimulus: carbon stress (Fig
ure 1A). As GIDA™ would be inactive toward recruited substrate:
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 data raise th
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 substrat:
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Figure 7. Model of GIDS?*-Catalyzed Ubig-
uitylation of N-Degron Substrate Mdh2

(A) Structural models for substrate ubiquitylation
by GIDS™®, with a homology model for Mdh2
(protomers in black and gray) placed with its
N-terminal Pro binding Gid4 and candidate lysine
targets in the active site of a modeled Ubc8~Ub

<@
preferred lysines intermediate.

preferred K>R

AR

(B) Homology model of Mdh2 dimer showing
preferred target lysines identified by mass spec-
trometry in brown and red and other lysines in blue.

~ (DY S\
Vg, g

ubiquitylation

ublqunylauon

Assay testing effects of Arg replacement for
preferred target lysines on Mdh2 ubiquitylation.

in cis in trans

receptor to allow ubiquitylation of a distinct set of proteins during
carbon stress.

We were puzzled by the apparently counterintuitive carbon
stress-induced production of GIDA™ 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 YGR066C/Gid10, which is induced under several
distinct stress conditions (Figure 5; Melnykov 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 GIDA™
may enable cells to prepare for ensuing osmotic stress or
heat stress through the production of a Gid10-associated
GIDSR'? 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 B-barrel domains of Gid4 and
Gid10 and their orientations relative to the scaffold (Figure 5).
Future studies will be required to identify substrates of a
GIDSR™® E3, to visualize substrate ubiquitylation in action, and
to understand cross-talk between GIDA™ 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 Gid5’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 underlying substrate receptor dissocia-
tion or exchange remain unknown, although Gid4 turnover has

Top: fluorescent scan detecting ubiquitin. Bottom:
loading controls showing Mdh2, Gid2 (2), and
Gid4 (4).

(C) Cartoon representing the structural models for
GIDSR* ubiquitylation. The clamp-like structure
enables multiple configurations for ubiquitylation
of preferred lysines from a folded gluconeogenic
enzyme substrate.

See also Figure S7.

ubiquitylation
in trans

been shown to depend on GID E3-dependent ubiquitylation
(Menssen et al., 2018).

We speculate that in humans, a GIDA™ 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 likely
generates a human GIDSR E3 targeting substrates with N-termi-
nal prolines (Dong et al., 2018), the functions of other partner pro-
teins, including Gid7, remain elusive, and may regulate activity of
GIDSR4, or perhaps form alternative assemblies with GIDA™ or
Gid subunits. Indeed, two Gid7 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-terminal 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 Gid4, 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.g., 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 Gid4 and
Gid10 (Pierce et al., 2013), or inhibitory factors (Duda et al.,
2012; Lyapina et al., 2001)? Is GID regulated by modifications
or metabolites (Gonzélez 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)? 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 intricacies of the seemingly simple yeast
GID N-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 multi-
subunit E3 ligases.

STARX*METHODS

Detailed methods are provided in the online version of this paper
and include the following:
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Monoclonal ANTI-FLAG M2 antibody Sigma Cat#F1804; RRID: AB_262044
Anti-HA antibody produced in rabbit Sigma Cat#H6908; RRID: AB_260070
Goat anti-rabbit IgG Dylight488 conjugated Invitrogen Cat#35552; RRID: AB_844398
Goat anti-mouse IgG Dylight633 conjugated Invitrogen Cat#35512; RRID: AB_1307538
Anti-Rabbit peroxidase antibody produced in goat Sigma Cat#A9169; RRID: AB_258434
Anti-Mouse IgG Peroxidase antibody produced in goat Sigma Cat#A4416; RRID: AB_258167
Anti-His antibody produced in mouse Cell Signaling Technology Cat#9991; RRID: AB_2797714
Bacterial and Virus strains

E. coli BL21 RIL (DE3) Stratagene Cat#230245

Chemicals, Peptides, and Recombinant proteins

complete EDTA free protease inhibitor cocktail Roche Cat#05056489001

Aprotinin from bovine lung Sigma Cat#A1153-10MG

Leupeptin Sigma Cat#L.2884-250MG
Benzamidine Sigma Cat#B6506-25G

Peptide for C-terminal sortasing (H-GGGGGFYVK-FAM-NH,) MPIB N/A

Fluorescein-5-maleimide Anaspec Cat#AS-81405

NAP-5 desalting column GE Healthcare Cat#17-0853-01

PD-10 desalting column GE Healthcare Cat#52130800

3x FLAG Peptide MPIB Cat#L.1033

Anti-DYKDDDDK G1 Affinity Resin Genscripts Cat#L.00432

MG132 Proteasome inhibitor InvivoGen Cat#tlrl-mg132; CAS: 133407-82-06
Deposited Data

GIDSR4 This study EMDB: 10327

GID®R minus Gid2/AGid9™Ne This study EMDB: 10333; PDB: 6SWY
GIDSeaffld plyg SREA4 This study EMDB: 10330

GIDFeaten This study EMDB: 10328

GIDSeaffold pyys GRG0 This study EMDB: 10329

GIDA™ This study EMDB: 10326

GIDSR4ARINGs This study EMDB: 10332

Endogenous GID"™ This study EMDB: 10331

Unprocessed image data This study https://doi.org/10.17632/nd5zc59vfg.1
Proteomics data This study PRIDE database: PXD015396
Experimental Models: Cell lines

Sf9 Insect cells Thermo Fisher Cat#11496015

High Five Insect cells Thermo Fisher Cat#B85502

Experimental Models: Organisms/Strains

Saccharomyces cerevisiae: Strain S288C: BY4741; MATa his3A1 Euroscarf Cat#Y00000

leu2A0 met15A0 ura3A0

CRLY39; BY4741 GID1-3xFLAG::KANMX This study N/A

CRLY42; BY4741 GID5-3xFLAG::KANMX This study N/A

CRLY44; BY4741 GID7-3xFLAG::KANMX This study N/A

CRLY45; BY4741 GID8-3xFLAG::KANMX This study N/A

CRLY50; BY4741 gid2::3xFLAG-GID2 This study N/A

(Continued on next page
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
CRLY52; BY4741 gid9::3xFLAG-GID9 This study N/A
CRLY68; BY4741 gid4::3xFLAG-GID4 This study N/A
PHH2; BY4741 GID8-3xFLAG::KANMX, gid7-3xHA::HPHNT1 This study N/A
CRLY131; BY4741 gid2::3xFLAG-GID2K365A This study N/A
CRLY132; BY4741 gid2::3xFLAG-GID2Y403A This study N/A
CRLY133; BY4741 gid2::3xFLAG-GID2F418A This study N/A
CRLY135; BY4741 gid2::3xFLAG-GID2A354-422 This study N/A
VBY73; BY4741 gid2::3xFLAG-GID2L364A This study N/A
VBY74; BY4741 gid2::3xFLAG-GID2V363A This study N/A
VBY75; BY4741 gid2::3xFLAG-GID2L364A, V363A This study N/A
VBY76; BY4741 gid9::3xFLAG-GID9V436A This study N/A
CRLY110; BY4741 gid9::3xFLAG-GIDIM502A This study N/A
CRLY113; BY4741 gid9::3xFLAG-GID9Y514A This study N/A
CRLY114; BY4741 gid9::3xFLAG-GID9A432-517 This study N/A
VBY60; BY4741 gid5::GIDSR652A, N653A, Y718A- This study N/A
3XFLAG::HPHNT1

VBY61; BY4741 gid5::GID5V491A, R495A, F550A- This study N/A
B3XFLAG::HPHNT1

VBY62; BY4741 gid5::GIDSWE06A, Y613A, Q649A- This study N/A
3XFLAG::HPHNT1

VBY63; BY4741 gid5::GID5SW606A, H610A, Y613A- This study N/A
3xFLAG::HPHNT1

VBY64; BY4741 gid5::GID5SW606A, H610A-3xFLAG::HPHNT1 This study N/A
VBY865; BY4741 gid5::GID5F550D-3xFLAG::HPHNT1 This study N/A
VBY59; BY4741 gid1::GID1A411-420-3xFLAG::HPHNT1 This study N/A
VBY66; BY4741 gid1::GID1A413-418-3xFLAG::HPHNT1 This study N/A
VBY49; BY4741 gid4::GID4F359A, F361A This study N/A
VBY50; BY4741 gid4::GID4F359D, F361D This study N/A
VBY81; BY4741 gid4::GID4T148D This study N/A
VBY82; BY4741 gid4::GID4F166W This study N/A
VBY83; BY4741 gid4::GID4F296W This study N/A
VBY84; BY4741 gid4::GID4F296A This study N/A
CRLY74; BY4741 gid10::3xFLAG-GID10 This study N/A
Recombinant DNA

pCSJ95 Chen et al., 2017 N/A
pFLN2 Gid1 This study N/A
pFLN2 Gid1 (A413-418) This study N/A
pFLN2 2xStrep-3c-Gid1 This study N/A
pFLN2 Gid2 This study N/A
pFLN2 Gid2 (A354-421) This study N/A
pFLN2 Gid2 (V363A) This study N/A
pFLN2 Gid2 (L364A) This study N/A
pFLN2 Gid2 (V363A, L364A) This study N/A
pFLN2 Gid4 This study N/A
pFLN2 Gid10 This study N/A
pFLN2 Gid5 This study N/A
pFLN2 Gid5 (V491A, R495A, F550A) This study N/A
pFLN2 Gid5 (F550D) This study N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
pFLN2 Gid5 (W606A, H610A) This study N/A
pFLN2 Gid5 (W606A, H610A, Y613A) This study N/A
pFLN2 Gid5 (WB06A, Y613A, Q649A) This study N/A
pFLN2 Gid5 (R652A, N653A, Y718A) This study N/A
pFLN2 Gid8 This study N/A
pFLN2 Gid8-TEV-2xStrep This study N/A
pFLN2 Gid9 This study N/A
PFLN2 Gid9 (A432-516) This study N/A
pFLN2 Gid9 (V436A) This study N/A
pBIG1a Gid1:Gid5 This study N/A
pBIG1a Gid1:Gid5:Gid2 This study N/A
pBIG1a 2xStrep-3c-Gid1:Gid5 This study N/A
pBIG1a 2xStrep-3c-Gid1:Gid5:Gid2 This study N/A
pBIG1b Gid8:Gid9 This study N/A
pBIG1b Gid8-TEV-2xStrep:Gid9 This study N/A
pBIG1c Gid2:Gid4 This study N/A
pBIG2a-d Gid1:Gid8-TEV-2xS:Gid2:Gid9:Gid5 This study N/A
pBIG2a-d Gid1:Gid8-TEV-2xS:Gid2:Gid9:Gid5:Gid4 This study N/A
pBIG1e Gid1:Gid8-TEV-2xS:Gid9:Gid5 This study N/A
pBIG1e Gid1:Gid8-TEV-2xS:Gid2:Gid5 This study N/A
pBIG2a-d Gid8-TEV-2xS:Gid2:Gid9:Gid5 This study N/A
pBIG2a-d Gid1:Gid8-TEV-2xS:Gid2:Gid9 This study N/A
pGEX GST-TEV-Gid4 (A1-79) This study N/A
pGEX GST-TEV-Gid4 (A1-116) This study N/A
PGEX GST-TEV-Gid4 (A1-116; T148D) This study N/A
pGEX GST-TEV-Gid4 (A1-116; F166W) This study N/A
PGEX GST-TEV-Gid4 (A1-116; F296A) This study N/A
pGEX GST-TEV-Gid4 (A1-116; F296W) This study N/A
pGEX GST-TEV-Gid4 (A1-116; F359A, F361A) This study N/A
PGEX GST-TEV-Gid4 (A1-116; F359D, F361D) This study N/A
pGEX GST-TEV-Gid10 (A1-56) This study N/A
PGEX GST-TEV-Gid10 (A1-56; A289-292) This study N/A
pGEX GST-3c-Ub This study N/A
PGEX GST-3c-Ub KO (all K > R) This study N/A
pPGEX GST-3c-Ub K6 (all K > R; R6K) This study N/A
PGEX GST-3¢c-Ub K11 (all K > R; R11K) This study N/A
PGEX GST-3c-Ub K27 (all K > R; R27K) This study N/A
PGEX GST-3c-Ub K29 (all K > R; R29K) This study N/A
PGEX GST-3c-Ub K33 (all K > R; R33K) This study N/A
PGEX GST-3c-Ub K48 (all K > R; R48K) This study N/A
PGEX GST-3c-Ub K63 (all K > R; R63K) This study N/A
pGEX GST-TEV-Cys-Ub This study N/A
PET3b Ub This study N/A
pRSFduet Ubc8-6xHis This study N/A
pRSFduet Mdh2-6xHis This study N/A
pRSFduet Mdh2-6xHis (P2S) This study N/A
pRSFduet Mdh2-6xHis (K254R, K256R, K259R, K330R, This study N/A

K360R, K361R)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
pRSFduet Mdh2-GGGGS-sortag-6xHis This study N/A
pFastbac GST-TEV-Uba1 This study N/A
Software and Algorithms
SerialEM Mastronarde, 2003 http://bio3d.colorado.edu/SerialEM/
MOTIONCOR2 Zheng et al., 2017
Getf Zhang, 2016 https://www.mrc-Imb.cam.ac.uk/
kzhang/Getf/
Gautomatch Kai Zhang https://www.mrc-Imb.cam.ac.uk/
kzhang/Gautomatch/
Relion3.0 Fernandez-Leiro and Scheres, https://www3.mrc-Imb.cam.ac.uk/
2017; Scheres, 2012; Zivanov relion/index.php/Main_Page
etal., 2018
Phyre? Kelley et al., 2015 http://www.sbg.bio.ic.ac.uk/~phyre2/
html/page.cgi?id=index
UCSF Chimera Pettersen et al., 2004 https://www.cgl.ucsf.edu/chimera/
UCSF ChimerX Goddard et al., 2018 https://www.rbvi.ucsf.edu/chimerax/
Pymol Schrodinger https://pymol.org/2/
CCP-EM Burnley et al., 2017 http://www.ccpem.ac.uk/download.php
Buccaneer Cowtan, 2006 https://www.ccp4.ac.uk/newsletters/
newsletter44/articles/buccaneer.html
Coot Emsley and Cowtan, 2004; https://www2.mrc-Imb.cam.ac.uk/
Emsley et al., 2010 personal/pemsley/coot/
Phenix Adams et al., 2010; Afonine https://www.phenix-online.org/
et al., 2018; DiMaio et al., 2013
Molprobity Chen et al., 2010 http://molprobity.biochem.duke.edu/
Image Studio LI-COR Biosciences https://www.licor.com/bio/image-
studio/?gclid=EAlalQobChMInO7ihc
224w1VSxbTCh3irwQdEAAYASAAE
gLj8fD_BwE
Other

QUANTIFOIL® R1.2/1.3, 100 Holey Carbon Films, Grids: Cu

200 mesh

Quantifoil Micro Tools GmbH

https://www.quantifoil.com

LEAD CONTACT AND MATERIALS AVAILABILITY

Information and requests for resources and reagents should be directed to the Lead Contact, Brenda Schulman (schulman@
biochem.mpg.de).

All unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer
Agreement.

METHOD DETAILS

Yeast strains and growth conditions
All yeast strains used in this study are listed in Key Resources Table and are derivatives of BY4741. For strain construction, standard
genetic techniques were employed (Janke et al., 2004; Knop et al., 1999; Storici and Resnick, 20086). All yeast strains were verified by
DNA sequencing, western blotting for protein expression, and were shown to be competent for Fbp1 degradation (see below).
Unless otherwise specified, for assays described here, yeast strains were grown to ODggg of 1.0 in synthetic complete (SC) medium
(0.17% yeast nitrogen base, 0.5% ammonium sulfate, 2% glucose, plus a mixture of amino acids). If strains were carrying a plasmid,
the appropriate amino acids were omitted. Cells were then centrifuged at 1900xg for 3 minutes, washed once with SE medium
(0.17% yeast nitrogen base, 0.5% ammonium sulfate, 2% ethanol, plus a mixture of amino acids), and then resuspended in fresh,
pre-warmed SE media to an ODgqg of 1.0. Cells were grown at 30°C for 19 hours, at which point they were harvested by centrifugation
at 1,900xg for 3 minutes, and resuspended to an ODgqg of 1.0 in fresh SC medium. At the indicated time points, cells were harvested
by centrifugation at 11,200xg for 2 minutes, and flash frozen in liquid nitrogen for later analysis.
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For growth under heat shock conditions, cells were grown in YPD at 30°C to mid-log phase and then shifted to 42°C for 30 minutes
before returning the cultures to 30°C growth. For growth under high salinity conditions, cells were grown to mid-log phase in YPC
then pelleted and resuspended in fresh YPD + 0.5 M NaCl and allow to grow at 30°C. At the indicated time points, an aliquot of cell
was harvested by centrifugation.

Fbp1 degradation assays

Fbp1 degradation assays were carried out using the promoter reference technique as previously described (Oh et al., 2017). Briefly
cells were first transformed with a plasmid co-expressing Fbp1 and a control protein (DHFR) from identical promoters containing ai
element that once transcribed binds tetracycline to inhibit translation. After growth for 19 hours in medium containing 2% ethano
cells were resuspended to an ODggg of 1.0 in SD medium lacking the appropriate amino acids and containing 2% glucose and 0.5 mA\
tetracycline. At the indicated time points, 1 ODggg equivalent of cells were harvested. Cells were lysed by resuspension in 0.2 M NaOt
followed by incubation on ice for 20 minutes, and then pelleted by centrifugation at 11,200xg for 2 minutes. The supernatant wa
removed and the cell pellet was resuspended in HU buffer containing 1X complete protease inhibitor tablets (Roche), heated a
70°C for 10 minutes, and then the resulting lysate was precleared by centrifugation for 5 minutes at 11,200xg. Samples were loadet
on a 12% SDS-PAGE gel, followed by analysis by western blotting. Blots were imaged on a Typhoon scanner (GE Healthcare) an
bands were quantified using ImageStudio software (Li-Cor). At each time point, the amount of Fbp1 was normalized to the DHFF
control protein.

Affinity Enrichment Mass Spectrometry (AE-MS)

Experiments were carried out in triplicates and as previously described (Keilhauer et al., 2015). 50 ODggp of yeast were resuspende:
in buffer containing 150 mM NaCl, 50 mM Tris-HCI pH 7.5, 1 mM MgCI2, Complete protease inhibitor tablets (Roche), PhosStop tab
lets (Roche), 5% Glycerol, 1% NP-40, and 1% Benzonase. Cells were lysed by glass bead lysis in a FastPrep-24 instrument (MP Bio
medicals) during three rounds of 20 s each at a speed of 4.0 M/s. Lysates were then pre-cleared by centrifugation at 4,000xg fo
10 minutes. FLAG-tagged protein was then pulled-down using anti-DYKDDDDK magnetic beads (Miltenyi Biotech). After applying
the beads to the magnetic columns, beads were washed three times with wash buffer containing 150 mM NaCl, 50 mM Tris-HC
pH 7.5, 0.05% NP-40, and 5% Glycerol, followed by two washes in buffer containing 150 mM NaCl, 50 mM Tris-HCI pH 7.5, an
5% Glycerol. Bound proteins were then partially digested by addition of 25 uL of elution buffer | containing 5 ng/uL Trypsin, 2 N
Urea, 50 mM Tris-HCI pH 7.5, and 1 mM DTT. After incubation for 30 minutes at room temperature, the proteins were eluted fron
the column by elution with 2x50 pL of buffer containing 2 M Urea, 50 mM Tris-HCI pH 7.5, and 5 mM CAA. Samples were then incu
bated overnight at room temperature to ensure complete tryptic digestion. Next day, protease activity was quenched by acidificatiol
with Trifluoracetic acid to a final concentration of 1%. Samples were processed as described in ‘LC-MS/MS sample preparation’

Protein digestion of in vitro ubiquitylation assays

Protein concentrations of the samples from in vitro ubiquitylation assays were measured by Bradford assay (BioRad). 4 ng of sample:
were 4-fold diluted in digestion buffer (1 M Urea in 50 MM Ammonium Bicarbonate, pH 8.0) followed by addition of TCEP and CAAto
final concentration of 10 mM and 40 mM, respectively, for reduction and alkylation for 5 min at 45°C. The samples were either di
gested using Trypsin (1:20 w/w, Sigma-Aldrich) alone, Trypsin (1:40 w/w)/GIuC (1:40 w/w, BioLab) or Trypsin (1:40 w/w)/Asp!
(1:40 w/w, Promega) at 37°C overnight. In all cases, protease activity was quenched by acidification with Trifluoracetic acid to a fine
concentration of 1%.

LC-MS/MS sample preparation

Acidified samples were loaded onto SDB-RPS StageTips, pre-equilibrated with 30% Methanol /1% Trifluoracetic acid and washer
with 0.2% Trifluoracetic acid. StageTips were prepared by inserting two layers of SDB-RPS matrix (Empore) into a 200 L pipette ti|
using an in-house prepared syringe device as described previously (Kulak et al., 2014). The StageTips were centrifuged at 1000xg
Loaded samples were sequentially washed with 0.2% Trifluoracetic acid and 2% Acetonitrile/0.2% Trifluoracetic acid, followed b
elution with 1.25% NH,OH/80% Acetonitrile. Eluates were dried using a SpeedVac centrifuge (Eppendorf, Concentrator plus). Pep
tides were resuspended in buffer A* (2% Acetonitrile /0.1% Trifluoracetic acid) and briefly sonicated (Branson Ultrasonics) before LC
MS-MS analysis.

LC-MS/MS Measurements

For mapping ubiquitylation sites, peptide concentration was estimated by UV spectrometry and approximately 200 ng was loaded ol
a 50 cm reversed phase column (75 um inner diameter, packed in house with ReproSil-Pur C18-AQ 1.9 um resin [Dr. Maisch GmbH],
Column temperature was maintained at 60°C using a homemade column oven. Peptides were separated with a binary buffer systen
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. We used an EASY-nL(
1200 system (Thermo Fisher Scientific), which was directly coupled online with the mass spectrometer (Q Excative HF-X, Therm«
Fisher Scientific) via a nano-electrospray source. Peptides were eluted with a gradient starting at 3% buffer B and stepwise increase:
to 8% in 8 min, 36% in 32 min, 45% in 4 min and 95% in 4 min. The mass spectrometer was operated in Top12 data-dependent mod
(DDA) with a full scan range of 250-1350 m/z at 60,000 resolution with an automatic gain control (AGC) target of 3e6 and a maximun
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fill time of 20ms. Precursor ions were isolated with a width of 1.4 m/z and fragmented by higher-energy collisional dissociation (HCD)
with a normalized collision energy (NCE) of 28%. Fragment scans were performed at a resolution of 30,000, an AGC of 1e5 and a
maximum injection time of 110ms. Dynamic exclusion was enabled and set to 15 s.

For AE-MS samples, peptides were loaded on a 50 cm reversed phase column (75 um inner diameter, packed in house with
ReproSil-Pur C18-AQ 1.9 um resin [Dr. Maisch GmbH]). Column temperature was maintained at 60°C using a homemade column
oven. 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. We used an EASY-nLC 1200 system (Thermo Fisher Scientific), which was directly coupled
online with the mass spectrometer (Q Excative HF-X, Thermo Fisher Scientific) via a nano-electrospray source. Peptides were eluted
with a gradient starting at 5% buffer B and stepwise increased to 30% in 40 min, 60% in 4 min and 95% in 4 min. The mass spec-
trometer was operated in Top12 data-dependent mode (DDA) with a full scan range of 300-1650 m/z at 60,000 resolution with an
automatic gain control (AGC) target of 3e6 and a maximum fill time of 20ms. Precursor ions were isolated with a width of 1.4 m/z
and fragmented by higher-energy collisional dissociation (HCD) with a normalized collision energy (NCE) of 27%. Fragment scans
were performed at a resolution of 15,000, an AGC of 1e5 and a maximum injection time of 60ms. Dynamic exclusion was enabled
and set to 30 s.

LC-MS/MS raw data processing

For mapping ubiquitylation sites, raw MS data were searched against the UniProt Yeast FASTA using MaxQuant (version 1.6.2.10)
(Cox and Mann, 2008; Cox et al., 2011) with a 1% FDR at peptide and protein level. Cysteine carbamidomethylation was set as fixed,
protein N-Terminal acetylation, methionine oxidation and lysine diGly as variable modifications. The minimum peptide length was set
to 7 amino acids, enzyme specificity was set to trypsin and two missed cleavages were allowed, permitting a maximum of 5 mod-
ifications per peptide. MS/MS spectra identifying ubiquitinated peptides of interest were obtained and exported using MaxQuant
Viewer (Tyanova et al., 2015).

For AE-MS runs, raw MS data were searched against the UniProt Yeast FASTA using MaxQuant (version 1.6.0.15)(Cox and Mann,
2008; Coxetal., 2011) witha 1% FDR at peptide and protein level. Cysteine carbamidomethylation was set as fixed, protein N-Terminal
acetylation, methionine oxidation. The minimum peptide length was set to 7 amino acids, enzyme specificity was set to trypsin and two
missed cleavages were allowed, permitting a maximum of 5 modifications per peptide. Quantification was performed by label free
quantification (MaxLFQ), with a minimum ratio count of 2. ‘Match between runs’ was enabled, with a matching time window of
0.7 min(Cox et al., 2014). Bioinformatic analyses were performed with Perseus (www.perseus-framework.org) (Tyanova et al.,
2016). Missing data points were replaced by data imputation (width: 0.3 and shift: 1.8) after filtering for valid values (100% data
completeness in at least one experimental group). Significance was assessed using t test (5% FDR), for which replicates were grouped.

Density Fractionation by sucrose gradients

At the indicated time points, 100 ODgoo equivalents were harvested by centrifugation at 1900xg for 3 minutes. Cells were resus-
pended in lysis buffer containing 50 mM Tris-HCI pH 7.5, 150 mM NaCl, 1 mM MgCl,, 1% NP-40, and protease inhibitors (Roche),
and lysed by glass bead lysis using a FastPrep-24 (MP Biomedicals). The resulting lysate was pre-cleared by centrifugation at
4,000xg for 10 minutes, and the supernatant was normalized by Bradford for total protein content, loaded onto a 5%-40% sucrose
gradient, and centrifuged at 34,300 rpm for 16 hours at 4°C. Each gradient was harvested into fourteen equal fractions, and run on
SDS-PAGE, followed by analysis by western blotting with the appropriate antibody. Approximate molecular weights for fractions
were determined using the protein standards provided with Gel Filtration Calibration Kit HMW (GE Healthcare). Briefly, 2 mg of
each protein standard were resuspended in lysis buffer and run on a 5%-40% gradient as described above.

Plasmids preparation and Mutagenesis
Genes encoding GID subunits and Mdh2 substrate were originally amplified using S. cerevisiae BY4742 genomic DNA as a template.
Upon initiating functional studies, we noticed that all sequences except Gid5 match those in the Saccharomyces Genome Database
(SGD), where the Gid5 sequence corresponds to accession number NP_012247. The sequence of Gid5 used in the structure corre-
sponds to accession number AJR43361 from the strain YJM1133. The difference is a single Gid5 Y758N residue substitution. We
tested the functionality of the sequence used in the structure in initial assays probing GIDS?* activity toward Mdh2, and we confirmed
by cryo EM that the overall structures of GIDS®* are similar with the two versions of Gid5. We converted to the SGD sequence for
functional studies.

The genes encoding GID subunits were combined into one baculoviral expression vector with the biGBac method (Weissmann
et al., 2016). All the plasmids used in this study are listed in the Key Resources Table.

The constructs for recombinant protein expression were generated by Gibson assembly method (Gibson et al., 2009) with a home-
made Gibson reaction mix. To generate all the mutant versions of the constructs, QuickChange (Stratagene) protocol was applied. All
coding sequences used for protein expression were entirely verified by sequencing.

Protein expression and purification for cryo-EM

GID complexes and all the subcomplexes used for the single particle cryo EM analysis (GIDS™*, GIDA™, GIDS®*™' plus substrate
receptor Gid4 (SR®%), GIDS*™!4 plus substrate receptor Gid10 (SR%'%), GIDS?* minus Gid2/AGid9"™N®, GIDS™* ARINGS), were
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expressed in insect cell. For protein expression, Hi5 insect cells were transfected with recombinant baculovirus variants carrying th
respective protein coding sequences and grown for 60 hours to 72 hours in EX-CELL 420 Serum-Free Medium at 27°C.

Cell pellets were resuspended in a lysis buffer containing 50 mM Tris-HCI pH 8.0, 200 mM NaCl, 5 mM DTT, 10 pg/ml leupeptin
20 pg/ml aprotinin, 2 mM benzamidine, EDTA-free protease inhibitor tablet (1 tablet per 50 mL of the buffer) and 1 mM PMSF. Th
tagged complexes were purified from cell lysates by Strep-Tactin affinity chromatography by pulling on the Twin-Strep tag fused a
the Gid1 N terminus. Elutions were further purified by anion exchange chromatography and size exclusion chromatography in 25 mh
MES pH 6.5, 500 mM NaCl and 1 mM DTT.

For endogenous GIDA™ purification, yeast strain CRLY45 harboring 3X Flag tag at the C terminus of Gid8 was grown in the YPI
medium at 30°C and 130 rpm to an ODgqq of 1. Yeast cells were spun down and rinsed with YP medium to remove the remainin
glucose. The pellet was resuspended with YPE medium and grown at 30°C and 130 rpm for 16-19 hours. Next, cell pellets wer:
passed through a 50 mL syringe, to get thin noodle-like pellets and flash-frozen in liquid nitrogen. Frozen yeast noodles were cryo
milled using Retsch ZM200 Ultra Centrifugal Mill. Powder was dissolved in the lysis buffer described above. GID complex was pu
rified from the cell lysate by Flag affinity chromatography (Anti-DYKDDDDK G1 resin, GenScript). The resin bound GID complex wa
washed with 25 mM MES pH 6.5, 500 mM NaCl, 1 mM DTT, and protein was eluted with 150 ug/ml Flag peptide. The elutions wer
directly used to make the cryo EM grids.

Cryo EM sample preparation and Imaging

To prepare cryo EM grids, Vitrobot Mark IV (Thermo Fisher Scientific) was used. 3.5 - 4 ul of freshly purified protein at 0.25 mg/mlwa
applied to glow discharged Quantifoil holey carbon grids (R1.2/1.3 200 mesh) and incubated for 30 s at 4°C and 100% humidity. Grid
were immediately blotted with Whatman no.1 filter paper (blot time 10 s, blot force 10) and vitrified by plunging into liquid ethane.

For GIDSR4, GIDA™, GIDSea!d pjus SRE4, GIDSeaffeld plys SRS, GIDSR minus Gid2/AGid9R'NE, GIDSR* ARINGs and the endog
enous GID™, cryo EM data were collected on a Talos Arctica transmission electron microscope operated at 200 kV and equippet
with a Falcon lll direct detector. Automated data collection was carried out using EPU software at a nominal magnification of 92,000x
which corresponds to 1.612 ;\/pixel at the specimen level, with a total exposure of 63 e/ A? and the target defocus range betwee:
1.5-3.5 um.

For GIDS™ and GID*™ data were collected on a FEI Titan Krios microscope operated at 300 kV, equipped with a post-column GlI
and a K2 Summit direct detector operating in a counting mode. SerialEM software was used to automate data collection (Mastro
narde, 2003). Images were recorded at a nominal magnification of 130,000x (1.06 A/pixel) with target defocus range betweel
1.1 and 3.2 um and approximate total exposure of 54 e/A2.

For GIDSeafld plys SR GIpSeaffld piys SREIP10, GIDSR* minus Gid2/AGId9™™E, images were acquired as described above
except using a K3 direct electron detector instead of K2 and at a nominal magnification of 81,000x corresponding to 1.09 A/pixe
at the specimen level. A SerialEM multi-record mode was used to collect data.

Data processing

Movie frames were motion-corrected and dose-weighted using the Motioncorr2 (Zheng et al., 2017) program. Contrast transfer func
tion parameters were estimated from dose-weighted, aligned micrographs using Gcetf (Zhang, 2016). Particles were automaticall
picked by Gautomatch (https://www.mrc-Imb.cam.ac.uk/kzhang/). Further processing was carried out using Relion (Fernandez
Leiro and Scheres, 2017; Scheres, 2012; Zivanov et al., 2018). Poor quality images were discarded by manual inspection ant
only particles in the high-quality images were extracted. Iterative rounds of 2D classifications were done to clean up the data. 3L
classifications were done using the initial model generated and clean set of particles from 2D classification. For large datasets
the particles were split into smaller groups for which 3D classifications were carried out separately, and another round of classifica
tion was done if necessary. The resulting 3D classes were manually inspected, and those with complete features were selected fo
further processing. Particles selected from 3D classification were finally re-extracted, re-centered and subjected to auto-refinemen
(with and without a mask).

In addition to generating reconstructions for entire complexes, maps with improved quality over specific regions were obtained a
follows. A map encompassing the majority of the catalytic module was obtained by multibody refinement of data from GIDA™, treatin
the scaffold module (Gid1-Gid8-Gid5, aka GIDS°2°'d) and the catalytic module (the Gid2-Gid9 subcomplex) as two separate entities
The resultant map over the catalytic module reached 5.1 A resolution, and enabled visualizing the 4-stranded coiled coil subdomair
Meanwhile, the highest quality map for the CTLH-CRAN domain of Gid9 was obtained using the GIDS?* minus Gid2/AGid9"N® data
set, by focused auto-refinement using a mask over this domain.

Finally, automatic B-factor weighting as well as high resolution noise substitution were done using post-processing in Relion. Loce
resolution estimates were done as implemented in Relion (Fernandez-Leiro and Scheres, 2017; Scheres, 2012; Zivanov et al., 2018
All the reported resolutions are based on the gold-standard Fourier Shell Correlation (FSC) at 0.143 criterion. Processing details fo
each dataset are provided in Figures S2, S3, S4A, and S4B. Maps generated in this study are summarized in Table S1.

Model building and refinement

The scheme for model building is shown in Figures S5A and S5B, and described here for each module. The scaffold module
comprising Gid1, Gid8 and Gid5, was built using the 3.4 A resolution reconstruction of GIDS®@™'d plys SR, Most of the GidE
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Gid8 as well as SPRY and LisH domains of Gid1 could be built automatically using Buccaneer (Cowtan, 2006), as implemented in
CCP-EM software suite (Burnley et al., 2017), with some portions built manually using Coot (Emsley and Cowtan, 2004; Emsley
et al., 2010).

The same map was used to build the substrate receptor module, Gid4, manually in Coot (Emsley and Cowtan, 2004; Emsley et al.,
2010). The building of Gid4 was guided by a crystal structure of human Gid4 (PDB ID: 6CCR) and sequence alignment of ScGid4 and
HsGid4, secondary structure prediction generated by the Phyre? server (Kelley et al., 2015), and the positions of side-chain features
(e.g., aromatic residues) as markers.

Segments of Gid9 from the catalytic module were guided by differences in EM reconstructions lacking portions of Gid9. The CTLH-
CRAN portion of Gid9 was best visualized and built manually with the 3.5 A resolution map of Gid9°™H-CRA generated by focused
refinement using data obtained from GIDS?* minus Gid2/AGid9™N®. A loop from Gid9 (Gid9-°°P, residues 291-323) was built using
the final 3.2 A resolution map of GIDS® minus Gid2/AGid9™NC.

Atomic model refinement was performed using ‘phenix.real_space_refine’ available in PHENIX software suite (Adams et al., 2010;
Afonine et al., 2018; DiMaio et al., 2013) and the model was validated using Molprobity (Chen et al., 2010). The entire model was
checked manually, and regions that lack the sequence registers due to weak/unclear density were modeled as polyalanine. Repre-
sentative EM density is shown in Figure S5C, and the residues in the final model are summarized in Table S2. Data collection, 3D
reconstruction, model refinement and validation details are given in Tables 1 and 2. Figures of maps and models were prepared
with Chimera (Pettersen et al., 2004), ChimeraX (Goddard et al., 2018) and PyMol-v 1.8.2.

Protein expression and purification for biochemical assays

Insect cell expression as well as cell pellet resuspension for the WT and all the mutant versions of GIDA™ and GIDS™ used for biochemical
assays followed the procedure described in the section ‘Protein expression and purification for cryo EM’. Proteins were purified from
insect cell lysates using Strep-Tactin affinity chromatography by pulling on a Twin-Strep tag fused to Gid8 C terminus. The eluted pro-
teins were further purified by size exclusion chromatography in 25 mM HEPES pH 7.5, 150 mM NaCl and 1 mM DTT (Buffer B).

To ensure that all assays contained equal concentrations of WT and mutant versions of Gid4 and Gid10 irrespective of their ability
to bind GIDA™, these proteins that were added exogenously to the in vitro assays were expressed as GST-TEV fusions in E. coli BL21
(DE3) RIL cells in a Terrific Broth (TB) medium overnight at 20°C. Cell pellets were resuspended in the lysis buffer containing 50 mM
Tris-HCI pH 8.0, 200 mM NaCl, 5 mM DTT and 1 mM PMSF (Buffer A). Proteins were purified from bacterial lysates with glutathione
affinity chromatography and digested overnight at 4°C with tobacco etch virus (TEV) protease to liberate the GST tag. For further
purification, they were subjected to size exclusion chromatography in Buffer B. Remaining free GST as well as uncleaved GST-fusion
protein was removed by pass-back over a glutathione affinity resin.

Ubc8, Mdh2 and Mdh2 P2S mutant were expressed in E. coli BL21 (DE3) RIL cells in a Terrific Broth (TB) medium overnight at 20°C.
Cell pellets were resuspended in Buffer A and proteins were purified from the bacterial lysates by Nickel-Affinity chromatography with
Ni-NTA Sepharose resin by pulling on the 6xHis tag fused to proteins C terminus. The elutions were further purified by anion exchange
chromatography and size exclusion chromatography in Buffer B.

Untagged WT ubiquitin used for the multi-turnover assays was expressed in E. coli BL21 (DE3) RIL cells and purified from bacterial
lysates with a glacial acetic acid method (Kaiser et al., 2011). It was further purified by gravity S column ion exchange chromatog-
raphy and size exclusion chromatography in Buffer B. No-lysine and single-lysine Ub variants as well as WT Ub used for the Ub chain
type determination assay were expressed as GST-HRV 3C fusions in E. coli BL21 (DE3) RIL cells in a Terrific Broth (TB) medium over-
night at 20°C and purified by glutathione affinity chromatography. To liberate the GST tag, elutions were incubated with HRV13 3C
protease for 3 hours at room temperature. Further purification was done with size exclusion chromatography in Buffer B that
separated Ub from the free GST and uncleaved GST-fusion proteins. Cys-ubiquitin used for fluorescent labeling was expressed
as a GST-TEV fusionin E. coli BL21 (DE3) RIL cells in a Terrific Broth (TB) medium overnight at 23°C and purified by glutathione affinity
chromatography. After incubating GST resin with the bacterial lysate, TEV protease was added to the beads to liberate ubiquitin from
the GST tag. Further purification was done with anion exchange chromatography and size exclusion chromatography in 50 mM
HEPES pH 7.0 and 150 mM NaCl.

To generate fluorescent Mdh2 (Mdh2-FAM) for ubiquitylation assays, fluorescein was attached to its C terminus using a sortase
A-mediated reaction (Guimaraes et al., 2013). For the reaction, 50 uM Mdh2 fused to a C-terminal sortag (LPETGG) and a 6xHis
tag was mixed with 250 uM of a fluorescent peptide (GGGGG-FAM) and 50 uM of sortase A. Reaction was carried out for 30 minutes
on ice in a buffer consisting of 50 mM Tris-HCI pH 8.0, 150 mM NaCl and 10 mM CacCl,. To get rid of unreacted Mdh2, the reaction
mixture was supplemented with 20 mM imidazole and passed through Ni-NTA Sepharose resin. Labeled Mdh2 was purified with size
exclusion chromatography in Buffer B.

For fluorescent labeling of ubiquitin, a version of Ub with a cysteine introduced upstream its N-terminal methionine (Cys-Ub) was
used. To reduce the cysteine before mixing it with fluorescein-5-maleimide, Cys-Ub was supplemented with 20 mM DTT. After 10 mi-
nutes of incubation, the protein was desalted into 50 mM HEPES pH 7.0, 150 mM NaCl with a NAP-5 column. Desalted Cys-Ub was
mixed with fluorescein-5-maleimide (dissolved in DMSO) at 1:5 molar ratio and incubated at 4°C overnight. The reaction was
quenched by adding 5 mM DTT and the reaction mixture was desalted into Buffer B with a PD-10 column. The final purification
was performed by size exclusion chromatography in Buffer B.
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Biochemical assays

Unless otherwise stated, in vitro ubiquitylation monitored a fluorescently-labeled substrate Mdh2-FAM. All assays were performed &
room temperature in a buffer containing 25 mM HEPES pH 7.5, 150 mM NaCl, 5 mM ATP, 10 mM MgCl, and 0.25 mg/mL BSA. A
each time point, a part of the reaction mixture was quenched by mixing it with SDS-PAGE loading dye. To check the activity of Gid4
Gid5 and Gid1 mutants, as well as to show that Mdh2 ubiquitylation is Gid4 and E2 dependent, the reaction involved mixing of 0.2 ph
Uba1, 2 uM Ubc8-6xHis, 1 uM GID*™ (containing either WT or indicated mutants of Gid5 or Gid1), 1 uM Gid4 (A1-116; WT or an indi
cated mutant), 1 M Mdh2-FAM and 100 uM Ub. For the assay testing importance of the N-terminal meander of Gid4, the exoge
nously added Gid4 started with the residue at position 80 or 117.

The assay validating dependence of GIDSF activity on the N-terminal proline of its substrate was performed at the same condition:
but western blotting with anti-6xHis antibodies was used to visualize ubiquitylation of unlabeled WT and P2S mutant of Mdh2-6xHi:
(note that complete cleavage of the N-terminal Met residue was confirmed by mass spectrometry).

For testing the mutations in Gid2 and Gid9 RING domains, the assay contained 0.2 uM Uba1, 2 uM Ubc8-6xHis, 1 uM GIDSP* (con
taining either WT or indicated mutants of Gid2 or Gid9), 1 uM Mdh2-FAM and 100 uM Ub. To test the activity of an alternative sub
strate receptor Gid10, the reaction was composed of 0.2 uM Uba1, 2 uM Ubc8-6xHis, 0 or 1 uM GIDA™ 0or1 uM Gid10 (either A1-5(
or A1-56 and A289-292 version) or 1 uM Gid4 (A1-116), 1 uM Mdh2-FAM and 100 uM Ub. Determination of the type of Ub chail
formed by GIDS®* was done by using a panel of single-Lys Ub variants, with all other lysines mutated to arginines. The reactiol
mixture was composed of 0.2 uM Uba1, 2 uM Ubc8-6xHis, 1 uM GIDSR", 1 uM Mdh2-FAM and 20 uM Ub (WT, lysineless KO Ul
or any of the single Lys Ub variants).

In order to validate the preferred ubiquitylation sites on Mdh2 mapped with mass-spectrometry, we have compared ubiquitylatiol
of WT Mdh2 with its version, in which all the preferred target lysines were mutated to arginines (K254R, K256R, K259R, K330F
K360R, K361R). The assay comprised 0.2 uM Uba1, 2 uM Ubc8-6xHis, 0.5 uM GID®R, 0.5 uM Mdh2-6xHis (WT or the preferre
K > R mutant) and 100 uM fluorescently labeled FAM-Cys-Ub. Progress of the reaction was visualized by monitoring the fluores
cently-labeled Cys-Ub.

To analyze if addition of the substrate receptor Gid4 to the GID*™ has any impact on its intrinsic E3 ligase activity, a substrate-in
dependent discharge assay was employed. To separate an effect of E2~Ub discharge from its E1-dependent loading, this assay wa
performed in a pulse-chase format. In the pulse reaction, loading of E2 was performed by mixing 0.5 uM Uba1, 10 uM Ubc8-6xHi:
and 30 uM Ub in a buffer containing 25 mM HEPES pH 7.5, 100 mM NaCl, 1 mM ATP and 2.5 mM MgCl,. After 15 minutes incubatiol
of the pulse mixture at room temperature, E2 loading was stopped by addition of 50 mM EDTA. For the chase reaction, the quenche:
pulse mixture was mixed with an equal volume of the chase initiating mixture containing 1 uM GIDA™, 0, 1 or 5 uM Gid4 (A1-116) an(
40 uM lysine pH 8.0 in 25 mM HEPES pH 7.5 and 100 mM NaCl, and incubated at room temperature. The discharge was quenched &
each of the time points by mixing the discharge reaction with SDS-PAGE loading dye without any reducing agent and visualized witl
a non-reduced SDS-PAGE stained with Coomassie.

To test if our recombinant Mdh2 binds to Gid4 according to the Pro/N-degron pathway, purified GST-tagged Gid4 (A1-116) wa
mixed with two-fold molar excess of Mdh2-6xHis (WT or the P2S mutant) in a buffer containing 25 mM HEPES pH 7.5, 150 mM NaC
and 1 mM DTT. After incubating the proteins for 30 minutes on ice, 20 uL of GST resin was added to the mixture and further incubates
for 1 hour. As a negative control, Mdh2-6xHis was mixed with GST resin in absence of Gid4. GST beads were then thoroughly washe:
and proteins were eluted. The elution fractions were analyzed with SDS-PAGE to check for the presence or absence of an Mdh:
band. A similar binding test was applied to check if an alternative substrate receptor Gid10 interacts with GIDA™. Here, GIDA™, whicl
was Twin Strep-tagged on Gid8 C terminus, was mixed with a two-fold molar excess of Gid10 (A1-56) and Strep Tactin pull-dow!
was performed. As a negative control, Gid10 was mixed with Strep Tactin resin in the absence of GIDA™.

QUANTIFICATION AND STATISTICAL ANALYSIS

For the in vivo Fbp1 degradation assay, experiments were performed in at least biological triplicate. Fbp1 degradation pattern wa
visualized by western-blot and the bands were quantified. Bars on graphs represent average (n > = 3) and error bars represent stan
dard deviation.

DATA AND CODE AVAILABILITY

The PDB and EM maps are available from the RCSB and EMDB as follows: GIDS?* minus Gid2/AGid9"'™N®, EMDB: 10333, PDB IC
6SWY; GIDSeaffeld  EMDB:10328; GIDSeaffld plys SR, EMDB:10330; GIDSeald plys SR EMDB:10329; GIDSR4, EMDE
10327; GIDA™, EMDB: 10326; Endogenous GID™, EMDB: 10331; GIDSF*ARINGs, EMDB: 10332. Proteomics data can be accesset
on Proteome Xchange via the Pride database with the dataset identifier PXD015396.

The unprocessed image data are available at: https://doi.org/10.17632/nd5zc59vfg.1.
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It has long been known that ubiquitin is added to target proteins through a ubiquitination
cascade involving various combinations of E1s, E2s and E3s. Depending on the E3
ligase, the mode of action how ubiquitin is transferred from an E2 to a target protein can
show substantial differences (see also section 1.3.1). In this study, the group of Prof.
Brenda Schulman reconstituted a minimal GID E3 ligase that is active towards
tetrameric Fbpl. Strikingly, the E3 ligase assembly resembles a behemoth
organometallic supramolecular chelate.

| contributed to this study by mapping ubiquitination sites on Fbpl. To this end, |
performed a multistage digestion strategy tailored to the Fbpl protein sequence to
optimize the sequence coverage and the number of observable modification sites. This
greatly helped in the identification of ubiquitination sites on Fbp1l that are crucial for the
composition of the supramolecular chelate E3 -Fbpl complex.
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SUMMARY

How are E3 ubiquitin ligases configured to match substrate quaternary structures? Here, by studying the
yeast GID complex (mutation of which causes deficiency in glucose-induced degradation of gluconeogenic
enzymes), we discover supramolecular chelate assembly as an E3 ligase strategy for targeting an oligomeric
substrate. Cryoelectron microscopy (cryo-EM) structures show that, to bind the tetrameric substrate fruc-
tose-1,6-bisphosphatase (Fbp1), two minimally functional GID E3s assemble into the 20-protein Chelator-
GIDSR*, which resembles an organometallic supramolecular chelate. The Chelator-GIDS?* assembly avidly
binds multiple Fbp1 degrons so that multiple Fbp1 protomers are simultaneously ubiquitylated at lysines
near the allosteric and substrate binding sites. Importantly, key structural and biochemical features, including
capacity for supramolecular assembly, are preserved in the human ortholog, the CTLH E3. Based on our inte-
grative structural, biochemical, and cell biological data, we propose that higher-order E3 ligase assembly
generally enables multipronged targeting, capable of simultaneously incapacitating multiple protomers

and functionalities of oligomeric substrates.

INTRODUCTION

Cells rapidly adapt their metabolic pathways in response to
nutrient availability (Tu and McKnight, 2006; Zaman et al.,
2008; Zhu and Thompson, 2019). Shifts in metabolic enzyme ac-
tivities are achieved by regulation at every conceivable level.
Metabolite-responsive transcriptional programs activate path-
ways that maximally use available nutrients and repress those
rendered unnecessary or counterproductive. For oligomeric en-
zymes, catalytic activities are subject to metabolite-mediated
allosteric control (Koshland, 1963a, 1963b; Monod et al.,
1963). In eukaryotes, undesired metabolic activities are often
terminated by ubiquitin-mediated degradation (Nakatsukasa
et al., 2015).

Degradationis typically controlled by recognition of proteins as
substrates of E3 ubiquitin (Ub) ligases. However, little is known
about whether or how E3 ligases are specifically tailored for olig-
omeric assemblies of metabolic enzymes. One of the first identi-
fied targets of nutrient-dependent degradation, budding yeast
fructose-1,6-bisphosphatase (Fbp1), is an oligomer (Chiang
and Schekman, 1991). Fbp1 is a gluconeogenic enzyme essential
for yeast growth on non-fermentable carbon sources. A shift from
gluconeogenic to glycolytic conditions renders gluconeogenesis

i3

superfluous. Accordingly, Fbp1 activity and expression are cur-
tailed (Gancedo, 1971; Schork et al., 1994a, 1994b, 1995). The
switch to glycolytic conditions induces Ub-mediated degrada-
tion of Fbp1 and other gluconeogenic enzymes, including malate
dehydrogenase (Mdh2) and phosphoenolpyruvate carboxyki-
nase (Pckl1), mediated by the multiprotein E3 ligase termed
"GID"; yeast mutants of Gid subunits are glucose-induced-
degradation deficient (Braun et al., 2011; Chiang and Schekman,
1991; Hammerle et al., 1998; Menssen et al., 2012; Regelmann
et al., 2003; Santt et al., 2008; Schork et al., 1994b, 1995).
Although the GID ES is conserved across eukaryotes and regu-
lates important physiology (Lampert et al., 2018; Liu et al.,
2020; Liu and Pfirrmann, 2019; Salemi et al., 2017), its regulation
and targets are best characterized in budding yeast.

Much like well-studied multiprotein E3 ligases, such as
anaphase-promoting complex/cyclosome (APC/C) or cullin-
RING ligases, GID is not a singular complex—a core catalytic
and scaffolding assembly is modulated by other subunits (Bar-
ford, 2020; Karayel et al., 2020; Liu and Pfirrmann, 2019; Melny-
kov et al., 2019; Qiao et al., 2020; Rusnac and Zheng, 2020;
Watson et al., 2019). The constituents of various GID assemblies
and how they achieve regulation are beginning to emerge. Previ-
ous structural studies have elucidated the core assembly and
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recapitulated some GID regulation (Qiao et al., 2020). Briefly, a
core inactive complex, GIDA™, contains the heterodimeric E3
ligase RING and RING-like subunits (Gid2 and Gid9) and scaffold
subunits (Gid1, Gid5, and Gid8). Coexpression of these subunits
in insect cells enables purification of recombinant GIDA™ and
systematic interrogation of GID functions. Within the GID*™ scaf-
fold, Gid5 can bind the structurally homologous, interchange-
able substrate-binding receptors Gid4 and Gid10 (Karayel
et al., 2020; Melnykov et al., 2019; Qiao et al., 2020). Of these,
the molecular basis of substrate binding by Gid4 is well under-
stood: glucose-induced incorporation of Gid4 into the GID E3
enables recognition of substrate “Pro/N-degron” motifs de-
pending on an N-terminal proline (Chen et al., 2017; Dong
etal., 2018; Hammerle et al., 1998; Regelmann et al., 2003; Santt
et al., 2008). Indeed, in vitro, adding Gid4 transforms GID™ into
an active GIDS®* complex that collaborates with the cognate E2,
Ubc8 (also known as Gid3) to ubiquitylate Mdh2, as explained by
a structure of GIDSR* (Qiao et al., 2020). Mutations probing the
GIDSR structure also showed that this assembly is required for
glucose-induced Fbp1 degradation in vivo (Qiao et al., 2020).

Perplexingly, despite the crucial role of Fbp1 in regulating
gluconeogenesis, its ubiquitylation has not been reconstituted
in vitro using defined GID E3 ligase components. In vivo, Fbp1
degradation depends on another protein, Gid7, which associ-
ates with other Gid subunits (Menssen et al., 2012; Regelmann
et al., 2003; Santt et al., 2008). Gid7 is evolutionarily conserved
across eukaryotes. Mammals even have two orthologs,
WDR26 and MKLN1, which are subunits of the “CTLH” complex
that corresponds to the yeast GID E3 (Boldt et al., 2016; Francis
et al., 2013; Kobayashi et al., 2007; Lampert et al., 2018; Liu and
Pfirrmann, 2019; Salemi et al., 2017). The CTLH E3, named for
the preponderance of CTLH domains (in Gid1, Gid2, Gid7,
Gid8, and Gid9 and their orthologs), has intrinsic E3 ligase activ-
ity, although Pro/N-degron substrates have not yet been identi-
fied despite human Gid4 binding this motif (Cao et al., 2020;
Dong et al., 2018; Lampert et al., 2018; Liu et al., 2020; Liu and
Pfirrmann, 2019; Maitland et al., 2019; Zavortink et al., 2020).

Here we reconstitute a minimal GID E3 ligase active toward
Fbp1 by combining GIDSR* and Gid7. Cryoelectron microscopy
(cryo-EM) reveals its structure as a 20-protein supramolecular
chelate E3 ligase assembly specifically tailored for Fbp1’s qua-
ternary structure. Structural and biochemical data suggest that
the human Gid7 orthologs likewise transform a GIDS?*-like E3
ligase core into higher-order assemblies. Our data reveal supra-
molecular chelate assembly of a pre-existing, functionally
competent E3 ligase complex as a structural and functional prin-
ciple to achieve multipronged Ub targeting tailored to an oligo-
meric substrate.

RESULTS

Reconstitution of Fbp1 ubiquitylation

Considering that the Gid7 protein, not visualized previously, is
required for glucose-induced Fbp1 degradation in vivo (Regel-
mann et al., 2003), we tested its effect in vitro. Our assay setup
probes modulation of the core recombinant GIDA™ assembly
upon adding other purified components individually or in combi-
nation. First, adding Gid4 marginally stimulated Fbp1 ubiquityla-
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tion despite substantially potentiating ubiquitylation of Mdh2,
another canonical Pro/N-degron substrate, and Pck1, whose
recognition by the GID E3 remains elusive (Figure 1A). However,
adding Gid7 together with Gid4 substantially increased Fbp1
ubiquitylation. Comparing reactions with wild-type (WT) Ub or
a Ub version lacking lysines (KOUb) that cannot form polyUb
chains indicated that adding Gid7 increases substrate consump-
tion, the number of modified Fbp1 sites, and the number of Ubs
in polyUb chains (Figures 1A and 1B). Second, the remarkable
activation upon addition of Gid7 was specific to Fbp1; effects
on Pck1 were negligible, and effects on Mdh2 were nuanced in
increasing polyUb chain length while attenuating the amount of
Mdh2 molecules consumed in the assay (Figure 1A). Third, add-
ing Gid7 actually suppressed intrinsic GID E3 ligase activity, as
shown by effects on Ub transfer from a pre-formed Ubc8~Ub in-
termediate to free lysine in solution (Figure S1A). Binding of
Fbp1’s degron per se is insufficient to overcome this inhibition
because Gid7 likewise subdued ubiquitylation of a model pep-
tide substrate in which Fbp1’s degron sequence, PTLV, is con-
nected to a lysine acceptor through an intervening flexible linker
(Figure S1B).

To gain mechanistic insights, we quantified effects of including
Gid7 in a chromatographically purified version of the E3 by per-
forming enzyme kinetics. Compared with GIDS?4, a version of the
E3 complex fully incorporating Gid7 displayed a relatively 10-fold
lower Michaelis-Menten constant, K,,, for Fbp1 ubiquitylation
and 10-fold increase in the reaction turnover number k.4 (Fig-
ures 1C, 1D, S1C, and S1D). Adding purified Gid7 to GIDS®*
had similar effects (Figures 1C and S1C).

Consistent with the biochemical data, glucose-induced ubig-
uitylation of Fbp1 in vivo is impaired by Gid7 deletion (Figure 1E).
To examine effects on degradation, we employed a promoter
reference technique that monitors degradation of exogenously
expressed proteins (here, C-terminally FLAG-tagged Fbp1,
Mdh2, or Pck1) while normalizing for effects on expression
(Chen et al., 2017; Oh et al., 2017). Our assay agreed with prior
studies showing that glucose-induced degradation of Fbp1,
Mdh2, and Pck1 depends on Gid4 (Chen et al., 2017; Qiao
et al., 2020; Regelmann et al., 2003; Santt et al., 2008). However,
Gid7 deletion substantially stabilized only Fbp1 (Figure 1F). This
deficit in Fbp1 degradation upon Gid7 deletion was not rescued
by Gid4 overexpression (Figure S1E). Also, quantitative mass
spectrometry analyses of the yeast proteome confirmed that,
of known gluconeogenic GID E3 substrates, Fbp1 was most
affected by Gid7 deletion (Figure S1F).

A supramolecular Chelator-GIDS?* E3 assembly
encapsulates the tetrameric Fbp1 substrate

To understand the mechanism of Fbp1 recognition by the GID
E3, we purified an Fbp1-active recombinant complex and
analyzed its structure by cryo-EM (Figures S2A and S4; Table
S1). A 13-A-resolution map of the assembly even without
the substrate showed a remarkable GID E3 structure: an exte-
rior oval supporting several inward-pointing globular domains.
Strikingly, the longest exterior dimension of 305 Ais roughly
comparable with that of a singly capped 26S proteasome,
1.3 times that of the multiprotein Fanconi anemia E3
ligase complex and 1.5 times that of APC/C (Figure 2A)
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Figure 1. Fbp1 ubiquitylation and degradation require a distinct Gid7-containing GID E3 ligase

(A) Fluorescence scans of SDS-PAGE gels showing in vitro ubiquitylation assays. These assays test the roles of Gid4 and Gid7 in ubiquitylation of C-terminally
fluorescently labeled Fbp1 (left), Mdh2 (center), and Pck1 (right). GID*™ contains 2 protomers each of Gid1 and Gid8 and 1 of Gid2, Gid5, and Gid9. An asterisk
indicates that substrates are fluorescently labeled.

(B) In vitro ubiquitylation assay as in (A) but performed with lysine-less Ub (KOUb) to determine the number of Fbp1 ubiquitylation sites.

(C) Plots showing fraction of Fbp1 ubiquitylation as a function of concentration of GIDS™ (left) or its complex with Gid7 (center and right). K., values were
determined by fitting to the Michaelis-Menten equation. Error bars, SD (n = 2).

(D) Comparison of k..; between GIDS? and its complex with Gid7, determined from plots in Figure S1D. Error bars, SD (n = 2).

(E) Assessing in vivo ubiquitylation of Fbp1 (C-terminally 3x FLAG-tagged at the endogenous locus) under carbon starvation (ethanol) and after 2 h of carbon
recovery in WT and AGid7 yeast strains. Following capture of ubiquitylated proteins with TUBEs (tandem ubiquitin binding entities), Fbp1-3 x FLAG was visualized
by anti-FLAG immunoblotting.

(F) Glucose-induced degradation in vivo of exogenously expressed substrates Fbp1 (left), Mdh2 (center), and Pck1 (right), quantified using the promoter reference
technique. Substrate levels were quantified as the ratio of substrate detected relative to the level after switching from carbon starvation to carbon recovery
conditions in WT, AGid4 (top panels), and AGid7 (bottom panels) strains. Points represent mean, and error bars represent SD (n > 3).

See also Figure S1.

(Brown et al., 2016; Chen et al., 2016; Haselbach et al., 2017;
Lander et al., 2012; Schweitzer et al., 2016; Shakeel et al.,
2019; Wehmer et al., 2017). Unlike these compact assemblies,
however, this GID complex displays a behemoth hollow center
with interior edges of 270 and 130 Ain the longest and shortest
dimensions, respectively—larger than a cullin-RING ligase
ubiquitylating a substrate (Baek et al., 2020).

The organization of the oval GID assembly was gleaned from
comparison with cryo-EM maps of subcomplexes (Figure 2B;
Table S1). Two copies of the previously defined GIDSF* structure
(Qiao et al., 2020) fit in the large assembly. An additional Gid1-
Gid8 subcomplex can be observed bound to GIDSR4. These
duplicated Gid1 and Gid8 protomers are components of recom-
binant GIDA™ used for biochemical assays (Qiao et al., 2020) but
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Figure 2. Multidentate capture of the Fbp1
tetramer by the Chelator-GIDS®* assembly

(A) Cryo-EM map of GID E3 active toward Fbp1
compared for scale with low-pass-filtered maps of
the singly capped 26S proteasome (EMDB: EMD-
3536; PDB: 5MPB), Fanconi anemia core complex
(EMDB: EMD-10290; PDB: 6SRl), APC/C (EMDB:
EMD-3433; PDB: 5L9T), and cullin-RING E3 ubig-

Fbp1-active singly-capped Fanconi Anaphass- cullin-RING uitylation complex (EMDB: EMD-10585; PDB:
GID 26S proteasome core complex e Cyclcsomg ligase 6TTU).

(B) Cryo-EM maps and molecular weights of re-
B RECOMBINANT c ENDOGENOUS combinant GID assemblies. Structurally deter-

. SR4 .
GIDs* GIDs* . mined GID (left, low-pass-filtered, dark gray,
(refined structure) ~(biochemistry) ~ CneatorGID yp,  (Fy Chelator-GID EMDB: EMD 10327; PDB: 6SWY) is a stoichio-
oz /'/ cipw | |3 FLAC — B N metric complex of Gid1, Gid8, Gids, Gid4, Gid2,
; p and Gid9. The purification conditions used here

MW: ~0.4 MDa ~0.6 MDa

include an additional Gid1-Gid8 subcomplex (gray)
bound to GIDS™ (center, taken for the biochemical
assays). The oval higher-order Chelator-GIDS™*
assembly includes Gid7 dimers (right, white).

(C) Coomassie-stained SDS-PAGE (left) and cryo-
EM maps of endogenous yeast GID*™ (center) and
Chelator-GIDA™ (right) assemblies (prepared by
anti-FLAG immunoprecipitation of lysates from
yeast with Gid5 3XFLAG tagged and Gid7 hem-

D chelator-GIDS™ + Fop1

agglutinin (HA) tagged at their endogenous loci and
grown under conditions when Gid4 is not induced).
(D) Cryo-EM map of Chelator-GIDS™ (gray) bound
to the Fbp1 tetramer (brown). The close up shows
2 red Gid4 protomers (modeled from PDB: 6SWY)
simultaneously contacting the docked Fbp1 crys-
tal structure.

See also Figure S2 and Tables S1 and S2.

Fbp1 tetramer

are not visible upon map refinement to high resolution. We inter-
preted the remaining density in the large oval GID assembly as
Gid7 dimers, one at each vertex, given size exclusion chroma-
tography-multi angle light scattering (SEC-MALS) data indi-
cating that purified Gid7 dimerizes (Figure S2B). The data reveal
a 1.5-MDa eicosameric GID assembly composed of 4 Gid1: 2
Gid2: 2 Gid4: 2 Gid5: 4 Gid7: 4 Gid8: 2 Gid9 protomers.

We sought to determine whether this GID assembly might be
formed in vivo. Prior studies did (Santt et al., 2008) or did not
(Qiao et al., 2020) observe Gid7 cosedimenting with other GID
proteins in density gradients. This raised the possibility that,
like the equally giant 26S proteasome, some subunits or regula-
tory partners may be prone to dissociation; for example, based
on lysis conditions (Leggett et al., 2002). Thus, we examined
sedimentation of a core subunit, Gid8 tagged at the endogenous
locus, as a marker for a GID assembly because it cosediments
with all other GIDS®* subunits even under relatively harsh lysis
conditions (Qiao et al., 2020). Yeast lysates prepared by cryomil-
ling were subjected to sucrose density gradient fractionation.
Anti-FLAG immunoblotting showed Gid8 migrating at a lower
molecular weight in a Gid7 deletion compared with the WT, irre-
spective of whether yeast was grown under carbon starvation or
recovery in glucose, which induces GID E3 ligase activity (Fig-
ure S2C). Moreover, cryo-EM data of endogenous GID purified
from yeast grown under carbon starvation yielded 3D recon-

2448 Molecular Cell 87, 2445-2459, June 3, 2021

structions corresponding to the recombinant assemblies with
and without Gid7 at 14.2- and 9.5-A resolution, respectively (Fig-
ures 2C and S2D).

Why is the minimum E3 ligase for Fbp1 so gigantic and hollow?
Given the substantial effect on K, in our enzyme kinetics
analyses, we hypothesized that such an assembly would form
to accommodate the substrate. To characterize the substrate,
we determined the crystal structure of yeast Fbp1, which
confirmed its tetrameric assembly (Figures 2D and S2B; Table
52). We next resolved a cryo-EM structure with Fbp1 bound to
the GID E3, which led to several conclusions (Figure 2D; Table
S1). First, Fbp1 was readily docked in the center of the large
GID ES oval. Second, two Fbp1 edges approach the substrate
binding Gid4 subunits within each GIDS®* on opposite sides of
the oval. Third, the density attributed to Gid7 does not directly
contact Fbp1 but connects two Fbp1-binding GIDS?* com-
plexes. Thus, Gid7 activates GID E3 activity toward Fbp1 indi-
rectly by driving supramolecular assembly.

The resultant GID assembly resembles an organometallic su-
pramolecular chelate in which multiple giant organic molecules
capture a much smaller ligand through multiple discrete points
of contact. Thus, we call the giant oval complex “Chelator-
GIDS"*” based on its supramolecular assembly in which two
GIDS™ complexes simultaneously capture degrons displayed
from two protomers in the tetrameric Fbp1 substrate.
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Figure 3. High-resolution details of Chelator-GIDS?* modular assembly

(A) Focused refined maps of the substrate receptor scaffolding (SRS), catalytic (Cat), and supramolecular assembly (SA) modules, colored according to subunit
identity, fit in half of the overall map of Fbp1-bound Chelator-GID®" (top center). The GIDS™ structure (PDB: 6SWY) fits the SRS module (Gid157®, dark green;
Gid8°R®, salmon; Gid5, purple; Gid4, red). A brown arrow points to Gid4's substrate binding site (top right). The Cat module comprises Gid2 (sky blue) and Gid9
(navy). Zinc ions are shown as gray spheres. Ubc8~Ub was modeled by aligning Gid2 RING with an E2~Ub-bound RING structure (PDB: 5H7S). The SA module

comprises Gid1%* (green), Gid8®* (pink) and 2 Gid7 protomers, Gid7'*-*

(yellow), and Gid7'e SRS (orange) facing the Cat or SRS module, respectively.

Superscript text refers to a module for a given Gid1 or Gid8 protomer. Arrows point to connected modules.
(B) Cartoon of Chelator-GID®"* with close ups of intermodule CTLH-CRAM:CTLH-CRAN interactions fit into the map of Chelator-GIDS®* (gray).
(C) Intramodule LisH-CRAC:LisH-CRAC (solid ribbon) interactions in Chelator-GIDSR*,

See also Figures S3 and S4 and Table S1.

High-resolution structures of modules in Chelator-
G|D$R4

A series of focused refinements enabled building atomic
models of the three functionally distinct modules comprising
Chelator-GIDS®* (Figures 3A, S2E, S3A, and S4; Table S1): (1)
the substrate receptor scaffolding (SRS) module contained in
GIDSR*, responsible for bridging the substrate receptor to the
other E3 ligase subunits; (2) the catalytic (Cat) module, also pre-
sent in GIDS™*, which binds and activates the Ubc8~Ub inter-

mediate; and (3) a previously undescribed supramolecular
assembly (SA) module.

A 3.4-A map of the Chelator-GIDS?* SRS module fit the prior
coordinates for this region (PDB: 6SWY) (Figures 3A and S4B).
As described previously, the globular substrate-binding domain
of Gid4 fits snugly in a complementary concave surface of the
scaffold subunit Gid5. This arrangement is supported by a
base from Gid15F® and Gid8®F®, which form an intricate hetero-
dimer involving their LisH-CTLH-CRA domains.
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Focused refinement over the Cat module yielded a 3.8-A-res-
olution reconstruction (Figures 3A and S4C). The map quality
permitted de novo building and refinement of atomic coordi-
nates for the majority of Gid2 and Gid9 (Figure S3A). The cata-
lytic function is mediated by a region of Gid2 that adopts an E3
ligase RING domain fold (albeit stabilized by a single zinc in the
E2~Ub binding site) together with a portion of Gid9 that adopts
a unique RING-like (RING-L) structure (Figure S3B; Braun et al.,
2011; Qiao et al., 2020; Regelmann et al.,, 2003). Folding
of the Gid2 RING depends on its incorporation into the intri-
cately configured Gid2-Gid9 heterodimer. The Gid2 RING is
embedded in an unprecedented intermolecular heart-shaped
domain, stabilized by Gid9 elements, including an intermolec-
ular zinc-binding domain; a belt that encases roughly three
quarters of the base of Gid2’s RING; the RING-L domain, which
packs against the remaining side of Gid2’s RING; and the
extreme C terminus, which contributes to Gid2’s RING in a
manner analogous to canonical RING dimers (Budhidarmo
et al.,, 2012). Gid2 and Gid9 are further intertwined by their
N termini co-assembling in an ~70—A-Iong 4-helix coiled coil
(Figures 3A and S3A).

Within Chelator-GIDSP*, the two Gid2-Gid9 E3 ligase domains
face the two degron-binding Gid4 subunits. A model of the Gid2
RING-Ubc8~Ub intermediate based on published isolated RING
E3-E2~Ub complexes shows the Gid2 RING domain recruiting
Ubc8, whereas its linked Ub would be activated by Gid2 and
Gid9 in the canonically activated conformation (Figures 3A and
S3B; Dou et al.,, 2012; Plechanovova et al., 2012; Pruneda
et al., 2012). The model explains the previously reported effects
of Gid2 and Gid9 point mutations on Fbp1 degradation (Qiao
et al., 2020).

A 3.6-A resolution map of the SA module within Chelator-
GID®™ enabled building of an atomic model (Figures 3A and
S4D). The two Gid7 protomers form an asymmetric dimer on
one side of the module. Gid1%” and Gid8%* form an interdigitated
scaffold that connects the Gid7 dimer to the Cat module.

Each Gid7 protomer consists of an N-terminal LisH-CTLH-
CRA motif and an atypical B-propeller. The LisH-CTLH-CRA mo-
tifs form elongated helical double-sided dimerization domains
(Figure S3C). The LisH and CTLH helices initially progress in
one direction. The distal end is capped by the first two CRA he-
lices. The remaining CRA helices reverse and traverse the length
of the domain, pack against CTLH helices along the way, and
terminate adjacent to the LisH helices. We refer to one side of
the LisH-CTLH-CRA structure as “LisH-CRA®” because it con-
tains the LisH and C-terminal CRA helices. Accordingly, the
other side is called “CTLH-CRAN.” The Gid7 LisH-CRA® motifs
mediate homodimerization, much like LisH-CRA® motifs
mediate heterodimerization between Gid15"° and Gid8S"® and
between Gid2 and Gid9 (Qiao et al., 2020).

B-Propellers are protein interaction domains formed by toroi-
dally arranged B sheet “blades” (Chen et al., 2011a). The
7-bladed propellers from the two Gid7 protomers ensue from
the LisH-CTLH-CRA motifs at different relative angles and
interact with each other. The resultant asymmetric double-pro-
peller domain binds part of Gid1%”. The SA module is further sta-
bilized by distinctive interactions between the CTLH-CRAN do-
mains from Gid154, a loop from Gid8%*, and the CTLH-CRAN
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domain from a Gid7 protomer we call Gid7'°"°® because it points
toward the Cat module (Figure S3D). The remainder of the
Gid1%” and Gid8%" subcomplex superimposes on correspond-
ing regions of Gid15"® and Gid8S"S. At the two edges of the
SA module, the CTLH-CRAN domains from the SRS-facing
Gid7 protomer (Gid7'"5F®) and Gid8®* connect to the SRS and
Cat modules, respectively.

Supramolecular chelate assembly is supported by inter-
and intramodule LisH-CTLH-CRA domain interactions
The relative arrangement of E3 ligase elements—the Gid4 sub-
strate receptor and the Gid2-Gid9 RING-RING-L complex—in
Chelator-GIDS™* depends on the exterior oval band. The oval
is established by two types of intersubunit interactions—within
the modules and mediating intermodule connections—in a daisy
chain-like arrangement of LisH-CTLH-CRA domains (Figures 3B
and 3C).

In Chelator-GID®*, the modules are connected to each other
by outward-facing heterotypic dimerization of CTLH-CRAN do-
mains at the edges of each module (Figure 3B). The CTLH-
CRAN domains connect modules in a side-by-side manner. In
the GIDSR* assembly, the SRS and Cat modules are adjoined
by interactions between the CTLH-CRAN domains of GidgSR®
and Gid9. The Cat and SA modules are bridged by interactions
between the CTLH-CRAN domains of Gid2 and Gid8®". Notably,
Gid2’s CTLH-CRAN domain also packs against Gid9’s RING-L
domain, which may explain how formation of the Chelator-
GIDSR assembly affects intrinsic Ub transferase activity (Figures
3A, S1A, and S3B). The oval structure also depends on adjoining
the SRS and SA modules through interactions between the
CTLH-CRAN domains of Gid15RS and Gid7'°SRS. Despite the
similarity of intermodule interactions at a secondary structural
level, specificity is dictated by contacts between domains,
ensuring formation of the Chelator-GIDS?* assembly.

Chelator-GIDS?* assembly mediates avid recruitment of
the tetrameric substrate Fbp1

Comparing the major classes of Chelator-GIDS?* alone or
bound to Fbp1 showed relative repositioning of the SRS module
toward the center of the oval to bind the substrate, resembling a
Venus flytrap capturing its prey (Figure 4A). An individual Fbp1
Pro/N-degron was visualized bound to Gid4 in a locally refined
map of SRS (Figures 4B and S4B). Fbp1’s N-terminal proline
and two subsequent residues are recruited much like short pep-
tides binding human Gid4 (Chen et al., 2017; Dong et al., 2018;
Hammerle et al., 1998). Comparing the substrate-bound
Chelator-GIDS?*  structure with the substrate-free GIDS®*
(Qiao et al., 2020) shows remodeling of several Gid4 loops to
embrace the N-terminal residues PTL of the Fbp1 substrate
(Figure 4B).

Notably, the Pro/N-degrons and several subsequent residues
are not visible in the Fbp1 crystal structure, suggesting that they
are intrinsically disordered (Figure 4C). These elements could
emanate from opposite sides of the disk-like Fbp1 catalytic
domain. In the complex with Chelator-GID®R*, degrons from
both sides appear to simultaneously ensnare Gid4 substrate re-
ceptors. Such avid binding would rationalize the 10-fold lower
Km in Fbp1 ubiquitylation assays (Figure 1C). To further test
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Figure 4. Chelator-GIDSR* assembly specifies multivalent binding for the tetrameric Fbp1 substrate

(A) Superimposed maps of substrate-free (gray) and Fbp1-bound Chelator-GIDS™ (brown) show relative inward movement of SRS modules (ribbon) upon
substrate recruitment.

(B) Conformational differences between Gid4 in GIDS™ (PDB: 6SWY, gray) and Fbp1-bound Chelator-GIDS™ (red). The first three residues of Fbp1 (the Pro/
N-degron) bound to Gid4 are shown as sticks.

(C) Crystal structure of the Fbp1 tetramer, with the N-terminal region (residues 2-19), including the degron not visible in the electron density, depicted as dotted
lines. Fbp1 protomers are shown in various brown shades.

(D) Competitive in vitro ubiquitylation assays probing multivalent E3-substrate interactions. Chelator-GIDS™ has two substrate binding sites and two catalytic
centers, whereas two other E3 assemblies (GID" or GIDS" + Gid7M"T lacking the LisH-CTLH-CRA motif, A1-285) have only one substate binding site and one
catalytic center. Substrates are oligomeric (tetrameric Fbp1) or monomeric (a peptide harboring a single acceptor Lys, Fbp1-pep) and fluorescently labeled at the
C terminus (denoted by an asterisk). Competitors are oligomeric (tetrameric Fbp1'® %, with preferred target lysines mutated to arginines) or monomeric (lysine-

less peptide, Fbp1PeP 0,
See also Figure S4 and Tables S1 and S2.

the possibility of avid substrate capture, we performed compet-
itive qualitative ubiquitylation assays. Unlabeled monomeric
and tetrameric Fbp1 competitors had a comparable inhibitory
effect on ubiquitylation of fluorescent Fop1 by GIDSF* or GIDS™*
mixed with a Gid7 mutant that does not support supramolecular
assembly (Figure 4D). However, compared with an unlabeled
monomeric inhibitor, the unlabeled Fbp1 tetramer was strikingly
more effective at impeding Chelator-GIDS™* ubiquitylation of
fluorescent Fbp1. The same inhibitory trends were observed
for ubiquitylation of a fluorescent monomeric peptide substrate,
confirming that the Fbp1 tetramer complements the Chelator
assembly. The data are consistent with avid Fbp1 recruitment
to Chelator-GIDS?* depending on supramolecular assembly of
the E3 ligase and its substrate.

Chelator-GID®?* assembly establishes dual site-specific
Ub targeting

We next mapped regions of Fbp1 engaging the ubiquitylation
active sites. Locating di-Gly sites by mass spectrometry identi-
fied Chelator-GIDS?*-mediated ubiquitylation of two pairs of
neighboring lysines, K32/K35 and K280/K281, preferentially
from 18 potential target lysines on the surface of Fbp1 (Figure S5).
The importance of these lysines was confirmed mutationally
(Figures 5A and 5B). Use of KO Ub had shown modification of
up to two sites in an Fbp1 protomer during the time course of
the experiment (Figure 1B). Eliminating either lysine pair reduced
this to monoubiquitylation, with a slightly greater effect on the
K32/K35 mutant (Figure 5A). The results suggest that either re-
gion can be ubiquitylated independent of the other but that, for
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Figure 5. Chelator-GIDS® configures simultaneous targeting of specific lysine clusters in metabolic regulatory regions of the Fbp1 tetramer
(A) In vitro ubiquitylation of Fbp1-6xHis, detected by anti-His immunoblotting, with WT (top) or KO (bottom) Ub, testing the effects of mutating the major Fbp1 Ub-
targeted lysines identified by mass spectrometry.

(B) Glucose-induced degradation in vivo of exogenously expressed WT or lysine mutant versions of Fbp1. Substrate levels were quantified as the ratio of
substrate detected relative to the level after switching from carbon starvation to carbon recovery conditions. Points represent mean, and error bars represent SD
(n=3).

(C) Structural model of Chelator-GIDS**-mediated ubiquitylation of Fbp1. Ubc8~Ub was modeled by aligning a RING-E2~Ub structure (PDB: 5H7S) on Gid2
RING. Dotted lines indicate disordered Fbp1 N termini. Close ups show major Fbp1 ubiquitylation sites near substrate (Fructose-1,6-bisphosphate, F-1,6-BP)
and allosteric AMP binding sides modeled from structures with human Fbp1 (PDB: 5ZWK and 5ET6).

(D) Structure-based cartoon of Fbp1 ubiquitylation as shown in (C). Stars and hexagons represent substrate-binding and allosteric sites in Fbp1, respectively.
(E) In vitro Fbpase activity of purified WT, polyubiquitylated, and mutant Fbp1 (K32A/K35A/K280A/K281A).

(F) Fbpase activity assay as in (E), testing the responses of purified WT, polyubiquitylated, and mutant Fbp1 (K32A/K35A/K280A/K281A) to the allosteric in-
hibitor AMP.

See also Figure S5.

agiven protomer, ubiquitylation is restricted to one lysine withina To understand how the Chelator-GIDS?* supramolecular as-
pair. Testing the effects of the mutations on Fbp1 degradation = sembly determines regulation, we generated a structural model
confirmed the importance of these lysines in vivo, with substantial  of ubiquitylation (Figures 5C and 5D). Fbp1 was first anchored
stabilization even upon mutating only the K32/K35 lysine pair  via two degrons, one from each side binding a Gid4. Ubc8~Ub
(Figure 5B). was modeled on the Gid2-Gid9 RING-RING-L domains based
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on homology to another RING-E2~Ub assembly (Nayak and Si-
varaman, 2018). Fbp1 was subjected to constrained rotation to
localize the K32 and K35 region of one protomer adjacent to
one active site. This led to two striking observations. First, the
K32 and K35 regions of two pairs of protomers are adjacent to
each other. Second, and unexpectedly, when a K32 and K35 re-
gion is aligned with one active site, the K280 and K281 region of a
different Fbp1 protomer is simultaneously situated in the other
Chelator-GIDSR* active site. Thus, the Chelator-GIDS?* supra-
molecular assembly complements the tetrameric structure of
Fbp1 by enabling simultaneous capture of two Pro/N degrons
and simultaneous ubiquitylation of multiple protomers within
the Fbp1 tetramer.

Given that Fbp1 is allosterically regulated in response to
metabolite binding (Ke et al., 1990a, 1990b), we inspected the
structure for potential functional importance of the ubiquitylation
sites (Figures 5C and 5D). Intriguingly, the K32 and K35 residues
reside in a loop abutting the allosteric site that regulates Fbp1 ac-
tivity by binding the non-competitive inhibitor AMP (Ke et al.,
1990b). K280 and K281 are located adjacent to another interpro-
tomer interface, relatively near the substrate binding site (Ke
et al., 1990a). We thus examined the effects of Chelator-GIDS?*
ubiquitylation on Fbp1 activity. A K32A/K35A/K280A/K281A
mutant and a ubiquitylated version of Fbp1 show Fbpase activity
in our assay. However, allosteric modulation by AMP was sub-
stantially impaired in both cases (Figures 5E and 5F). Thus,
Chelator-GIDS™ targets sites related to Fbp1’s metabolic
function.

Structural and mechanistic parallels in human CTLH E3
To determine whether structural principles governing activity of
the yeast GID E3 are conserved in higher eukaryotes, we studied
the human CTLH complex, whose subunits mirror those of
Chelator-GIDS™ (Figure 6A).

We first reconstituted a recombinant complex that we call
“CTLHS™” which parallels yeast GIDS®*. A low-resolution
cryo-EM envelope showed that the corresponding human sub-
units form SRS (hGid4-ARMC8-RANBP9-TWA1) and Cat
(RMND5A-MAEA) modules (Figure S6A). As for yeast GIDSF*
(Qiao et al., 2020), the CTLHSR* Cat module is relatively poorly
resolved, but the coordinates for the yeast Gid2-Gid9 subcom-
plex derived from Chelator-GIDS? readily fit in the density. A
3.2-A-resolution map obtained by focused refinement enabled
building of atomic coordinates for the human SRS module, which
superimposes on its yeast counterpart (Figures 6B, S6B and S7;
Table S1).

We tested whether the structural conservation extended to the
enzymatic mechanism. Because the Pro/N-end degron targets
of the CTLH E3 remain unknown, we generated a model peptide
substrate: an N-terminal PGLW sequence reported previously to
optimally bind hGid4 (Dong et al., 2018, 2020), connected via a
flexible linker to a C-terminal target lysine. With this peptide sub-
strate, we tested the effects of structure-based point mutations
on ubiquitylation. The hGid4 residues mediating its incorporation
into CTLHS™ and RMND5A and MAEA residues that activate
UBE2H~Ub are crucial for peptide substrate ubiquitylation (Fig-
ures S6C-S6H). Moreover, as with GIDS? (Qiao et al., 2020),
only K48 of all Ub lysines was sufficient to support polyUb chain
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formation by CTLHSR4, albeit to a substantially lesser degree
than WT Ub (Figure S6l). Thus, it seems that the human CTLH
core module parallels that in yeast GID assemblies.

We examined by cryo-EM whether the human Gid7 orthologs
WDR26 and MKLN1 have capacity for supramolecular assem-
bly. We obtained reconstructions for two subcomplexes con-
taining WDR26. Coexpressing WDR26 with scaffolding and cat-
alytic  subunits (ARMC8-RANBP9-TWA1-RMND5A-MAEA)
yielded a complex broadly resembling Chelator-GIDSR in that
it forms a hollow oval of similar dimensions (Figures 6A and
6C). Docking structures of human and yeast subcomplexes
into the density showed that a WDR26 dimer is the SA module.
However, WDR26 binds directly to RANBP9-TWA1 in the scaf-
fold, without duplicates of these subunits corresponding to yeast
Gid15A-Gid8%A. The distinct WDR26-dependent supramolecular
assembly places four—not two—ARMCS8 subunits poised to
each bind a hGid4 to capture substrate degrons in the
CTLH oval.

The distinctive arrangement of SA and SRS modules was pre-
served in a 6-A resolution map of WDR26, RANBP9, TWAT,
ARMCS, hGid4, and the poorly understood CTLH subunit YPEL5
(Figure 6C; Table S1). Interestingly, YPELS5 binds at the junction
of the two protomers in the WDR26 double-propeller domain.

A low-resolution map showed yet another SA for another human
Gid7 ortholog, MKLN1, bound tothe CTLH SRS module (Figure 6D;
Table S1). Like WDR26, MKLN1 binds directly to RANBP9-TWA1
in the scaffold without intervening duplicates of these subunits.
However, in accordance with previous studies (Delto et al., 2015;
Kimetal., 2014), MKLN1 forms a tetramer. Four MKLN1 protomers
bind between two CTLH SRS modules, demonstrating potential
for even higher-order CTLH complex assemblies.

We confirmed roles of WDR26 and MKLN1 in human CTLH
complex assembly by sedimentation analyses of lysates from
K562 cells or lines in which the human Gid7 orthologs were
deleted. Immunoblotting of fractions from sucrose density gradi-
ents of parental K562 cell lysates showed comigration of CTLH
subunits, corresponding to a complex with a molecular weight
greater than that predicted for a uniformly stoichiometric assem-
bly (600-800 kDa according to standards) (Figure 6E). However,
probing migration of the core subunit RANBP9 as a marker for
the CTLH complex showed that the assembly changes mark-
edly, toward fractions of 150-350 kDa, in CRISPR-Cas9
genome-edited lines lacking WDR26, MKLN1, or both or the
Cat module subunit MAEA (Figures 6F and S6J). Interestingly,
migration of WDR26 and MKLNT1 in higher-molecular-weight
fractions is not interdependent (Figure 6G), possibly indicating
that each Gid7 ortholog can reside in distinct CTLH assemblies.
Much of the total CTLH population shifted to lower-molecular-
weight fractions upon deletion of WDR26, with a lesser effect
of deleting MKLN1. This may suggest that a greater proportion
of the CTLH complex in these cells depends on WDR26 for su-
pramolecular assembly, perhaps because of a higher relative
concentration of WDR26 or factors differentially regulating
WDR26 or MKLN1 assembly into CTLH complexes.

Overall, the results suggest that CTLH E3 assemblies contain
SRS, Cat, and SA modules with features resembling those of
Chelator-GIDS?. Moreover, differences in structural configura-
tion of complexes containing MKLN1 or WDR26 offer prospects
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Figure 6. Higher-order assemblies of human CTLH E3

(A) Color-coded guide to yeast GID subunits and their human orthologs in the CTLH complex (top). Two colors indicate multiple protomers of a subunit. Cartoon
colored as in the top, representing CTLH oval assembly where the SA module is the WDR26-YPELS5 dimer (bottom).

(B) 3.2-A-resolution segmented map of CTLH SRS module (RANBPS-TWA1-ARMC8-hGid4) obtained by focused refinement of CTLHSR (top) and its corre-
sponding model (bottom).

(C) Cryo-EM maps of CTLH assemblies containing the Cat (RMND5A-MAEA), SRS (RANBP3-TWA1-ARMCS8 alone or bound to hGid4), and/or supramolecular as-
sembly (WDR26 with or without YPELS5) modules, as indicated. Subunits are colored according to the guide in (A). Top left: low-resolution map of WDR26-mediated SA
of CTLH (RANBP9-TWA1-ARMC8-MAEA-RMNDSA-WDR26). Right: 6.5-A-resolution map of the human CTLH SRS module (RANBPS-TWA1-ARMC8-hGid4) sub-
complex with an SA module comprising WDR26-YPELS5. Bottom panel: the yeast Gid2-Gid9 structure in the corresponding CTLH Cat module.

(D) 10.4-A-resolution map of the human CTLH SRS module with MKLN1 as the SA module. The second copy of the SRS module in the subcomplex is transparent.
(E) Immunoblots of fractions from sucrose gradients of K562 cell lysates, probed with the indicated antibodies.

(F) Immunoblots probing for the core CTLH subunit (RANBPY) in fractions from sucrose gradients of lysates from parental K562 and WDR26 ' /MKLN1 /-,

MKLN1 /-, WDR26 /-, and MAEA /~ knockout cells. Black boxes delineate high- and low-molecular weight (MW) peak fractions.
(G) As in (F) but probed as indicated with anti-MKLN1 or -WDR26 antibodies. *, WDR26 band.

See also Figures S6 and S7 and Table S1.

that CTLH may adopt a variety of supramolecular E3 assemblies
that could impart distinct functionalities.

DISCUSSION

Here we discovered multipronged substrate targeting by an E3
ligase chelate supramolecular assembly tailored to the oligo-
meric quaternary structure of its metabolic enzyme substrate.
In the absence of chelate assembly, GIDSR is a competent
E3 ligase that can bind a substrate degron, activate the intrinsic
reactivity of its E2 partner (the Ubc8~Ub intermediate), and
promote Ub transfer from Ubc8 to a recruited substrate (Qiao
et al., 2020). GIDS?* is also competent in vivo insofar as Gid7
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is not required for glucose- and GID-dependent degradation
of several substrates (Figure 1). Instead of binding directly to
its specified substrate Fbp1, Gid7 alters the GID assembly (Fig-
ures 2 and 3).

Although other E3s have been reported to self-assemble (Ba-
laji and Hoppe, 2020), this is typically achieved by catalytic or
substrate receptor subunits; for example, the dimeric RING do-
mains of single-subunit E3s or dimeric F-box and BTB substrate
receptors in multisubunit cullin-RING ligases (Dou et al., 2012;
McMahon et al., 2006; Ogura et al., 2010; Plechanovova et al.,
2012; Welcker et al., 2013; Zhuang et al., 2009). Substrate-
bound multivalent E3s can undergo liquid-liquid phase-separa-
tion (Bouchard et al., 2018). However, the transformation into
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Figure 7. Molecular logic of multipronged Ub targeting of Fbp1 by
Chelator-GIDS™*

Supramolecular chelate assembly specifies oligomeric metabolic enzyme
targeting. (1) Opposing Gid4 subunits avidly bind multiple degrons of tetra-
meric Fbp1. (2) Opposing RING-E2~Ub active sites simultaneously target
specific lysine clusters. (3) Targeted lysines map to metabolically important
regions of oligomeric substrate.

Chelator-GIDS? is a distinctive, extreme, and specific adjust-
ment of E3 ligase architecture (Figures 2 and 3).

Resembling an organometallic chelate interacting with its cen-
tral ligand, Chelator-GIDS®*'s multiple distinct points of contact
with Fbp1 not only include the degron-binding sites from two
opposing Gid4 substrate receptors but also the ubiquitylation
active sites from Ubc8~Ub intermediates activated by two
opposing Gid2-Gid9 catalytic domains (Figures 4, 5, and 7).
Relative to the monodentate GIDSR, the Chelator-GIDS"* as-
sembly enables more molecules within the Fbp1 tetramer to be
ubiquitylated simultaneously, increasing Ub density on a given
Fbp1 tetramer (Figures 1A and 1B). Interestingly, there is not a
1:1 correspondence between the number of degron binding sites
in Chelator-GIDS?* and the number of degrons in Fbp1. The
Fbp1 tetramer has four exposed potential degrons, two on
each side, both seemingly poised to capture one central-facing
Gid4 in Chelator-GIDS? (Figure 4C). An excess number of de-
grons is reminiscent of substrates recruited to the cullin-RING
ligase receptor Cdc4, whose single binding site can continually
and dynamically sample multiple degrons (Mittag et al., 2008).
For Chelator-GIDSF*-bound Fbp1, we speculate that the
arrangement of degrons allows their rapid interchange. This
could potentially mediate switching between the protomers
positioned adjacent to the active sites.

The human CTLH E3 complex displays striking parallels to
Chelator-GIDS?, albeit with interesting twists. In particular, the
different Gid7 orthologs form distinct supramolecular assem-
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blies (Figure 6). We speculate that the unique assemblies define
distinct functions, as implied by varying phenotypic alterations
upon their individual mutation (Bauer et al., 2018; Nassan
et al., 2017; Skraban et al., 2017; Zhen et al., 2020) .

Taken together with previous data (Lampert et al., 2018; Qiao
et al., 2020), it is now clear that there is not a single yeast GID or
human CTLH complex. Rather, GID and CTLH are examples of
responsive systems of multiprotein assemblies with an active E3
core that can be elaborated by supramolecular assembly.
Although the function of one such assembly is shown here, the var-
iations revealed by human Gid7 orthologs suggest that they, and
presumably other subunits, also co-configure substrate binding
and ubiquitylation active sites in accordance with the molecular or-
ganization and quaternary structure of particular substrates. The
Chelator model presented here demonstrates how GID (and pre-
sumably CTLH) utilizes an elegant molecular logic: the response
to asignal such as glucose availability converges on numerous as-
pects of its substrate’s structure and function to achieve precise
physiological regulation (Figure 7).

Limitations

Chelator-GIDS™ is remarkably specific in ubiquitylating partic-
ular Fbp1 lysines in metabolic regulatory regions. However, the
physiological roles of Fbp1 ubiquitylation impairing allosteric
regulation and metabolic function are unknown. Future studies
will be required to determine how metabolic flux is coupled
with GID-dependent ubiquitylation during termination of
gluconeogenesis.

Although Chelator-GIDS™ is active toward Mdh2 and Pck1, it
is unclear why these oligomeric substrates are less dependent
than Fbp1 on Gid7-mediated supramolecular assembly. One
speculative possibility could be that any potential advantage of
avid binding is offset by accessibility of numerous ubiquitylation
sites to GIDSP. Future studies will be required to understand
how Pck1l and other GID E3 substrates, including the Gid4
substrate receptor itself, are recognized and ubiquitylated
(Hammerle et al.,, 1998; Karayel et al., 2020; Menssen
et al., 2018).

Finally, although discovery of the Chelator configuration pro-
vides a basis for understanding higher-order GID assembly,
what other assemblies or sub-assemblies may form and their func-
tions remain unknown. Clearly, other arrangements are observed
for human CTLH complexes with WDR26. MKLN1 forms an even
higher-order assembly with the human SRS module. Some yeast
GID assemblies migrate in the void volume, as seen by size-exclu-
sion chromatography (Figure S2A). Moreover, the mechanistic
roles of additional subunits, including YPELS (Figure 6), or regula-
tory partners, such as Cdc48/p97, remain unknown (Barbin et al.,
2010; Lampert et al., 2018). We await future studies revealing func-
tions of other variations of GID and CTLH assemblies.
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Antibodies

Monoclonal ANTI-FLAG M2 antibody Sigma Aldrich Cat# F1804; RRID: AB_262044
Anti-HA antibody produced in rabbit Sigma Aldrich Cat# H6908; RRID: AB_260070
Goat anti-rabbit IgG Dylight488 conjugated Invitrogen Cat#t 35552; RRID: AB_844398
Goat anti-mouse IgG Dylight633 Invitrogen Cat# 35512; RRID: AB_1307538
conjugated

Anti-rabbit peroxidase antibody produced Sigma Aldrich Cat# A9169; RRID: AB_258434
in goat

Anti-mouse IgG Peroxidase antibody Sigma Aldrich Cat# A4416; RRID: AB_258167

produced in goat

Anti-His antibody produced in mouse
Goat polyclonal anti-RMND5A antibody
Sheep polyclonal anti-MAEA antibody
Rabbit polyclonal anti-RANBP9 antibody
Rabbit polyclonal anti-TWA1 antibody
Mouse monoclonal anti-ARMC8 antibody
Mouse monoclonal anti-MKLN1 antibody
Rabbit polyclonal anti-WDR26 antibody
Rabbit polyclonal anti-YPELS antibody

Cell Signaling Technology

Santa Cruz

R&D Systems
Abnova

Novus

Santa Cruz

Santa Cruz

Bethyl Laboratories
Thermo Fisher

Cat# 9991; RRID: AB_2797714

Cat# sc-161202, RRID: AB_2181510
Cat# AF7288-SP, RRID: AB_10971438
Cat# PAB16671; RRID: AB_10677213
Cat# NBP1-32596; RRID: AB_2274921
Cat# sc-365307; RRID: AB_10850172
Cat# sc-398956; RRID: AB_2737249
Cat# A302-245A; RRID: AB_1730876
Cat# PA5-26957; RRID: AB_2544457

Sheep polyclonal anti-hGid4 This study N/A

HaloLink Resin Promega Cat# G1912
ANTI-FLAG M2 affinity gel Sigma Aldrich Cat# A2220
His-Select Nickel affinity gel Sigma Aldrich Cat# P6611
Glutathione Sepharose 4B GE Healthcare Cat# 17075605
StrepTactin Sepharose High cytiva Cati# 28935599
Performance resin

His-Halo UBAYBALN This study N/A

Critical commercial assays

EnzChek Phosphate Assay Kit ThermoFisher Scientific Cat# E6646
Bacterial and virus strains

E. coli BL21 RIL (DE3) MPIB N/A

E. coli DH5¢. MPIB N/A
Chemicals, peptides, and recombinant proteins

complete EDTA free Roche Cat# 05056489001
Aprotinin from bovine lung Sigma A1153-10MG
Leupeptin Sigma L2884-250MG
Benzamidine Sigma B6506-25G
GGGGGFYVK-FAM MPIB N/A
PTLVNGWPR MPIB N/A
PTLVNGPRRDSTEGFTGRGWSGRGWS MPIB N/A
KGGK-FAM

PGLWRSPRRDSTEGFTGRGWSGRG MPIB N/A
WSKGGK-FAM

3xFLAG peptide MPIB N/A
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Deposited data

Apo Chelator-GIDSR* This study EMDB: EMD-12541
Chelator-GID®™ + Fbp1 This study EMDB: EMD-12557

GIDSR* This study EMDB: EMD-12548

SRS module This study EMDB: EMD-12559; PDB: 7NS3
Cat module This study EMDB: EMD-12560; PDB: 7NS4
SA module This study EMDB: EMD-12563; PDB: 7NSB
Endogenous GIDA™ This study EMDB: EMD-12538
Endogenous Chelator-GID™ This study EMDB: EMD-12540

CTLHSR This study EMDB: EMD-12537

CTLHS™ SRS module This study EMDB: EMD-12564; PDB: 7NSC
CTLH-WDR26 SA and SRS modules This study EMDB: EMD-12545
CTLH-WDR26 supramolecular assembly This study EMDB: EMD-12542
CTLH-MKLN1 SA and SRS modules This study EMDB: EMD-12547

Fbp1 (crystal structure) This study PDB: 7NS5

Proteomics data This study PXD024462

Raw image data This study http://dx.doi.org/10.17632/rfpsg6939c.1
Experimental models: Cell lines

Sf9 Insect cells Thermo Fisher Cat# 11496015

High Five Insect cells Thermo Fisher Cat# B85502

K562 human cells ATCC ATCC#CCL-243; RRID: CVCL_00004
Experimental models: Organisms/strains

Saccharomyces cerevisiae: Strain S288C: Euroscarf Cat# Y00000

BY4741; MATa his3A1leu2A0 met15A0

ura3A0

CRLY12; BY4741, Gid4::KANMX This study N/A

CRLY14; BY4741, Gid7::KANMX This study N/A

CRLY45; BY4741, Gid8::Gid8- Qiao et. al., 2020 N/A

3xFLAG-KANMX

CRLY131; BY4741, Gid2::3xFLAG- Qiao et. al., 2020 N/A

Gid2 (K365A)

CRLY241; BY4741, Gid7::KANMX, This study N/A
Gid8::Gid8-3xFLAG-HPHNT1

CRLY267; BY4741, Gid7::Gid7-3xHA- This study N/A

HPHNT1, Gid5::Gid5-3xFLAG-KANMX

CRLY498; BY4741, Fbp1::Fbp1-3xFLAG- This study N/A

HPHNT1, Pdr5::NATNT2

CRLY504; BY4741, Fbp1::Fbp1-3xFLAG- This study N/A

HPHNT1, Pdr5::NATNT2, Gid7:KANMX
Recombinant DNA

pCSJ95 Chen et al., 2017 N/A
pCSJ125 Chen et al., 2017 N/A
VBP6; pRS313-pGPD-Pck1-3xFLAG-CYC- This study N/A
pGPD-DHFR-HA-CYC

DSJC1; pRS313-pGPD-Fbp1-K32R/K35R- This study N/A
3xFLAG-CYC-pGPD-DHFR-HA-CYC

DSJC2; pRS313-pGPD-Fbp1-K280R/ This study N/A
K281R-3xFLAG-CYC-pGPD-DHFR-

HA-CYC

(Continued on next page)
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DSJC3; pRS313-pGPD-Fbp1-K32R/K35R/ This study N/A
K280R/K281R-3xFLAG-CYC-pGPD-

DHFR-HA-CYC

pRS415-pTEF-CYC This study N/A
pRS415-pTEF-GFP-ScGid4-CYC This study N/A
pLIB Gid1 This study N/A
pLIB Gid2 This study N/A
pLIB Gid4 This study N/A
pLIB Gid5 This study N/A
pLIB Gid7 This study N/A
pLIB Gid8-TEV-2xStrep This study N/A
pLIB Gid8 This study N/A
pLIB Gid9 This study N/A
pLIB RANBP9 This study N/A
pLIB RMND5A This study N/A
pLIB hGid4 This study N/A
pLIB ARMC8 This study N/A
pLIB 2xStrep-3C-ARMC8 This study N/A
pLIB MAEA This study N/A
pLIB WDR26 This study N/A
pLIB GST-TEV-WDR26 This study N/A
pLIB MKLN1 This study N/A
pLIB YPELS This study N/A
pLIB MAEA Y394A This study N/A
pLIB RMND5A R340A This study N/A
pLIB RMNDS5A I338A/L339A This study N/A
pLIB GST-TEV-Ubat This study N/A
pBIG2 Gid1:Gid8-TEV- This study N/A
2xS:Gid5:Gid4:Gid2:Gid9

pBIG2 Gid1:Gid8-TEV-2xS:Gid5:Gid2:Gid9 This study N/A
pBIG2 Gid1:Gid8-TEV- This study N/A
2xS:Gid5:Gid2:Gid9:Gid7

pBIG2 Gid1:Gid8-TEV- This study N/A
2xS:Gid5:Gid4:Gid2:Gid9:Gid7

pBIG1 RANBP9:TWA1-TEV-2xS:ARMC8 This study N/A
pBIG1 RANBP9:TWA1:2xS-3C-ARMC8 This study N/A
pBIG2 RANBP9:TWA1-TEV- This study N/A
2xS:ARMC8:RMND5A:MAEA

pBIG2 RANBPO:TWA1-TEV- This study N/A
2xS:ARMC8:RMND5A

pBIG2 RANBP9:TWA1-TEV- This study N/A
2xS:ARMC8:MAEA

pGEX GST-TEV-Gid4 (A1-116) This study N/A
pGEX GST-TEV-Gid7 This study N/A
pGEX GST-TEV-Gid7 (A1-285) This study N/A
pGEX GST-TEV-hGid4 (A1-99) This study N/A
pGEX GST-TEV-hGid4 (R189A) This study N/A
pPGEX GST-TEV-hGid4 (Y154A) This study N/A
PGEX GST-TEV-hGid4 (F174A) This study N/A
pPGEX GST-TEV-hGid4 (F239A) This study N/A
pGEX GST-TEV-hGid4 (C156D) This study N/A

(Continued on next page)
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PGEX GST-TEV-hGid4 (E298A) This study N/A

PGEX GST-TEV-hGid4 (H147D) This study N/A

pGEX GST-TEV-hGid4 (Y158A/F174A) This study N/A

PGEX GST-TEV-hGid4 (Y158A/F239A) This study N/A

PGEX GST-TEV-hGid4 (F174A/F239A) This study N/A

PGEX GST-TEV-hGid4 (Y297A/F229A) This study N/A

PGEX GST-TEV-hGid4 (A297-300) This study N/A

pRSF Ubc8-6xHis This study N/A

PRSF Fbp1-6xHis This study N/A

PRSF Fbp1 (K32R/K35R)-6xHis This study N/A

PRSF Fbp1 (K280R/K281R)-6xHis This study N/A

pRSF Fbp1 (K32R/K35R/K280R/ This study N/A

K281R)-6xHis

PRSF Fbp1-GGGGS-sortag-6xHis This study N/A

pRSF Mdh2-GGGGS-sortag-6xHis This study N/A

PRSF Pck1-GGGGS-sortag-6xHis This study N/A

pQlink Fbp1-TEV-V5-2xS This study N/A

PRSF Ube2H-6xHis This study N/A

pGEX GST-3C-Ub This study N/A

PGEX GST-3C-Ub KO (all K > R) This study N/A

PGEX GST-3C-Ub K6 (all K > R; R6K) This study N/A

PGEX GST-3C-Ub K11 (all K > R; R11K) This study N/A

PGEX GST-3C-Ub K27 (all K > R; R27K) This study N/A

PGEX GST-3C-Ub K29 (all K > R; R29K) This study N/A

PGEX GST-3C-Ub K33 (all K > R; R33K) This study N/A

PGEX GST-3C-Ub K48 (all K > R; R48K) This study N/A

PGEX GST-3C-Ub K63 (all K > R; R63K) This study N/A

PET3b Ub This study N/A

pET29 sortase A Chen et al., 2011b N/A

Software and algorithms

FOCUS Biyani et al., 2017 https://focus.c-cina.unibas.ch/
documentation.php

SerialEM Mastronarde, 2003 https://bio3d.colorado.edu/SerialEM/

MOTIONCOR2 Zheng et al., 2017 https://emcore.ucsf.edu/ucsf-software

Gotf Zhang, 2016 https://www2.mrc-Imb.cam.ac.uk/
download/gctf/

Gautomatch Kai Zhang https://www2.mrc-Imb.cam.ac.uk/
download/gautomatch-053/

Relion3.0/3.1 Fernandez-Leiro and Scheres, 2017; https://www3.mrc-Imb.cam.ac.uk/relion/

Scheres, 2012; Zivanov et al., 2018 index.php/Main_Page

Phyre? Kelley et al., 2015 http://www.sbg.bio.ic.ac.uk/~phyre2/ntml/
page.cgi?id=index

SWISS-MODEL Waterhouse et al., 2018 https://swissmodel.expasy.org

UCSF Chimera Pettersen et al., 2004 https://www.cgl.ucsf.edu/chimera/

UCSF ChimeraX Goddard et al., 2018 https://www.rbvi.ucsf.edu/chimerax/

PyMOL v2.1 Schrodinger https://pymol.org/2/

CCP-EM Burnley et al., 2017 https://www.ccpem.ac.uk/download.php

Buccaneer Cowtan, 2006 http://www.ysbl.york.ac.uk/~cowtan/

buccaneer/buccaneer.html

(Continued on next page)
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Coot Emsley and Cowtan, 2004; Emsley https://www2.mrc-Imb.cam.ac.uk/
etal., 2010 personal/pemsley/coot/
Phenix Adams et al., 2010; Afonine et al., 2018; https://www.phenix-online.org/
DiMaio et al., 2013
Molprobity Chen et al., 2010 http://molprobity.biochem.duke.edu/
Image Studio LI-COR Biosciences https://www.licor.com/bio/image-studio/
Fiji/lmageJ Schindelin et al., 2012 https://imagej.net/Welcome

GraphPad Prism version 8.0
ImageQuant TL Toolbox version 8.2
DeepEMhancer

GraphPad Software
Cytiva (formerly GE Healthcare)
Sanchez-Garcia et al., 2020

http://www.graphpad.com:443/
https://www.cytivalifesciences.com
http://www.biorxiv.org

Other

QUANTIFOIL® R1.2/1.3, 100 Holey Carbon
Films, Grids: Cu 200 mesh

IMEM

Quantifoil Micro Tools GmbH

Thermo Fisher

https://www.quantifoil.com

Cat# 12440-053

RESOURCE AVAILABILITY

Lead contact
Information and requests for resources and reagents should be directed to the Lead Contact, Prof. Dr. Brenda Schulman (schulman@
biochem.mpg.de).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact with a completed Materials Transfer Agreement.

Data and code availability
The accession codes for the PDB models and EM maps are available in RCSB and EMDB, respectively, as follows: Apo Chelator-
GID®R*, EMDB: EMD-12541; Chelator-GIDSR* + Fbp1, EMDB: EMD-12557; GIDSR*, EMDB: EMD-12548; SRS module, EMDB: EMD-
12559, PDB: 7NS3; Cat module, EMDB: EMD-12560; PDB: 7NS4; SA module, EMDB: EMD-12563; PDB: 7NSB; Endogenous GID™,
EMDB: EMD-12538; Endogenous Chelator-GID"™, EMDB: EMD-12540; CTLH®"*, EMDB: EMD-12537; CTLH®"* SRS module,
EMDB:EMD-12564; PDB: 7NSC; CTLH-WDR26 supramolecular assembly, EMDB: EMD-12542; CTLH-WDR26 SA and SRS mod-
ules, EMDB: EMD-12545; CTLH-MKLN1 SA and SRS modules, EMDB: EMD-12547; Fbp1 crystal structure, PDB: 7NS5.

All proteomics data have been deposited on ProteomeXchange with the dataset identifier PRIDE: PXD024462.

All the unprocessed image data have been deposited to Mendeley Data : http://dx.doi.org/10.17632/rfpsg6939c.1

METHOD DETAILS

Yeast strain construction and growth conditions

The yeast strains used in this study are specified in the Key Resources Table. They were constructed as derivatives of BY4741 using
standard genetic techniques (Janke et al., 2004; Knop et al., 1999; Storici and Resnick, 2006) and were verified using PCR, DNA
sequencing and immunoblotting (to confirm protein expression). Unless stated otherwise, yeast strains were grown to ODggg Of
1.0 in synthetic dropout (SD-glucose; 0.17% yeast nitrogen base, 0.5% ammonium sulfate, 2% glucose, amino acid mix) or yeast
peptone-based medium (YPD; 1% yeast extract, 2% peptone, 2% glucose) as indicated in the respective assays.

In vivo yeast substrate degradation assays

Degradation assays were performed to test the dependency of Fbp1, Mdh2, and Pck1 degradation on Gid4 and Gid7 (Figure 1F)
using the promoter reference technique adapted from Oh et al. (2017). The respective strains were transformed with a plasmid
harboring the open reading frame of either Fbp1-3xFLAG, Mdh2-3xFLAG or Pck1-3xFLAG and the control protein DHFR-HA,
both expressed from identical promoters. Cells were grown in SD-glucose medium to ODgqq of 1.0 before being starved in SE me-
dium (0.17% yeast nitrogen base, 0.5% ammonium sulfate, 2% ethanol, amino acid mix) for 19 hours. Subsequently, an equivalent of
1 ODggo Was transferred to SD-glucose medium containing 0.5 mM tetracycline that inhibits translation of the respective substrate
and DHFR by binding to specific RNA-regions within their ORFs. At the indicated time points, 1 mL or 1 ODgg of cells was harvested.
Cell lysis was performed by resuspending the pellets in 800 uL 0.2 M NaOH and incubating them on ice for 20 minutes with subse-
quent centrifugation at 11,200xg for 1 minute at 4°C. The pellets were aspirated and resuspended in 50 uL HU buffer (8 M Urea, 5%
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SDS, 1 mM EDTA, 100 mM DTT, 200 mM Tris-HCI, pH 6.8, protease inhibitor, bromphenol blue), heated at 70°C for 10 minutes and
then centrifuged again for 5 minutes at 11,200xg at 4°C. Protein levels of the substrates and a control protein DHFR were visualized
by immunoblotting with anti-FLAG and anti-HA antibodies, respectively, and imaged using a Typhoon scanner (GE Healthcare). The
bands were quantified using the ImageStudioLite software (LI-COR) and the substrate signal was normalized relative to the DHFR
signal for every sample. At least three biological replicates were considered for all in vivo assays and the standard deviation was pre-
sented using error bars.

To validate the major ubiquitylation sites in Fbp1 in vivo (Figure 5B), the above-described PRT degradation assays were carried out
in a similar manner with Fbp1-3xFLAG mutants, in which the lysines targeted by Chelator-GIDSF* (K32, K35, K280 and K281) were
mutated to arginine.

To test if overexpression of Gid4 affects degradation of Fbp1 in AGid7 yeast (Figure S1E), the GFP-Gid4 overexpression plasmid
was transformed together with the Fbp1-3xFLAG PRT plasmid into different yeast strains (WT, AGid7 and a Gid2X*%5” catalytically
inactive mutant). The cells were grown in SD medium lacking histidine and leucine, which served as selection markers for the Gid4
overexpression plasmid. After 8 h growth in SD-glucose media, samples of 1 ODgyy were harvested and analyzed as
described above.

Purification of endogenous yeast GID for cryo EM

To purify endogenous GID complex, 3 | of a yeast strain with Gid7 and Gid5 C-terminally tagged at their endogenous loci with an HA
and 3xFLAG tag, respectively, were grown in YPD medium for 8 hours. Subsequently, the cells were washed and resuspended to
ODggo of 1.0 in YPE medium (1% yeast extract, 2% peptone, 2% ethanol). Cells were harvested at ODggo of 18.0. The pellet was
resuspended in the lysis buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 1 mM CaCl,, 0.2 M sorbitol, complete protease inhibitor tablets)
and frozen in liquid nitrogen in the form of small beads. For lysis, the frozen yeast pellets were subjected to cryogenic grinding using a
cryo-mill (SPEX Sample Prep-6875 Freezer/Mill). The obtained yeast powder was thawed and centrifuged at 35,000 rpm for 10 mi-
nutes, and the resultant supernatant was incubated with ANTI-FLAG M2 affinity resin for an hour. After thorough washing, the protein
was eluted using 3xFLAG peptide and visualized by Coomassie-stained SDS-PAGE. The eluted complex was concentrated to
1 mg/ml and analyzed by cryo EM.

Sucrose gradient fractionation of yeast lysates (Figure S2C)

Yeast strains with Gid8 C-terminally tagged at its endogenous locus with a 3xFLAG tag, with or without Gid7 deleted were grown in
YPD media for 8 hours. Subsequently, they were switched to YPE medium and grown for 19 to 24 hours. One part of both cultures
was harvested, while the other was switched to YPD medium for glucose recovery and harvested after 2 hours. The pellets were re-
suspended and lysed using a cryo-mill (as described above). To perform sucrose gradient fractionation of yeast lysates, roughly
300-500 mg of yeast powder was resuspended in the lysis buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM CaCl,, 0.2 M sorbitol,
complete protease inhibitor tablets). To aid in resolubilization, lysates were incubated for 15 minutes at 4°C with gentle agitation, and
then pre-cleared by centrifugation at 17,000xg for 10 minutes. Protein concentration was normalized by Bradford assay, lysates were
loaded onto a 5%-40% sucrose gradient, and centrifuged at 34,300 rpm for 16 hours at 4°C. Gradients were then fractionated
into fourteen equal fractions and loaded onto a 12% SDS-PAGE gel. Proteins were visualized by immunoblotting and imaged
with Amersham Typhoon imager (GE Healthcare).

In vivo Fbp1 ubiquitylation assay (Figure 1E)

Yeast strains with Fbp1 tagged at its endogenous locus with 3xFLAG were grown to ODg of 1.0-1.5 in YPD, pelleted by centrifu-
gation at 3,000 rpm for 3 min, washed with pre-warmed YPE, resuspended to an ODgqp = 1 in fresh, pre-warmed YPE, and grown at
30°C for 18 hours. Cultures for the ethanol condition were then diluted to an OD = 1 in fresh, pre-warmed YPE containing 1% DMSO.
For the recovery condition, cells were pelleted by centrifugation at 3,000 rpm for 3 minutes, and resuspended in fresh pre-warmed
YPD containing 1% DMSO. After two hours of growth at 30°C, 50 ODs of cells were pelleted by centrifugation at 3,000 rpm for 3 mi-
nutes, and flash frozen in liquid nitrogen.

Samples were resuspended in 1 mL lysis buffer (50 mM Tris-HCI, pH7.5, 150 mM NaCl, 2 mM EDTA, 50 mM NaF, 0.1% SDS, 1%
NP-40, 0.5% Na-deoxycholate, 1% glycerol, 20 mM NEM, and complete protease inhibitor tablets), and lysed by 3 rounds of 20 sina
FastPrep-24 instrument, resting 5 minutes on ice between each round. Lysates were then pre-cleared by centrifugation at 4,000xg for
10 minutes, and the supernatant was added to pre-equilibrated His-Halo-UBAYB®-N_conjugated agarose beads, and incubated for
2 hours at 4°C with gentle rotation. Beads were separated by centrifugation at 800xg for 1 minute, washed once with lysis buffer and
four times with wash buffer (50 mM Tris-HCI, pH7.5, 150 mM NaCl, 2 mM EDTA, 50 mM NaF, 0.1% SDS, 1% NP-40, 0.5% Na-de-
oxycholate, 1% glycerol). Proteins were eluted by addition of sample buffer, and heating at 95°C for 5 minutes. Samples were then
loaded on a 12% SDS-PAGE gel and visualized by immunoblotting.

Plasmid preparation and Mutagenesis

All the genes encoding yeast GID subunits and the substrates Fbp1, Mdh2 and Pck1 were originally amplified from S. cerevisiae
BY4741 genomic DNA. The genes coding for subunits of human CTLH were obtained from human cDNA library (Max Planck Institute
of Biochemistry), except for hGid4, which was codon-optimized for bacterial expression system and synthesized by GeneArt gene
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synthesis service (Thermo Fisher Scientific). The sequences of all the CTLH genes correspond to the canonical UniProt sequences,
besides ARMCS8, for which isoform 2 (missing the residues 2-15 of the canonical sequence) was used based on the prior literature
(Kobayashi et al., 2007).

The constructs for recombinant protein expression were generated by Gibson assembly method (Gibson et al., 2009), whereas the
mutant versions of the genes were prepared by the QuickChange protocol (Stratagene). All the coding sequences used for protein
expression were verified by DNA sequencing. To express GID/CTLH subunits from a single baculoviral expression vector, the genes
were combined by the biGBac method (Weissmann et al., 2016). All the plasmids used in this study are listed in the Key re-
sources table.

Insect cell expression and purification of GID/CTLH complexes

Both yeast GID and human CTLH complexes used for the biochemical assays and cryo EM were expressed in insect cells. For protein
expression, Hi5 insect cells were transfected with recombinant baculovirus variants carrying the respective protein-coding se-
quences and grown for 60 to 72 hours in EX-CELL 420 Serum-Free Medium at 27°C. After harvesting, insect cell pellets were resus-
pended in a lysis buffer containing 50 mM HEPES pH 7.5, 200 mM NaCl, 5 mM DTT, 10 pg/ml leupeptin, 20 pg/ml aprotinin, 2 mM
benzamidine, EDTA-free Complete protease inhibitor tablet (Roche, 1 tablet per 50 mL of buffer) and 1 mM PMSF.

All recombinant yeast GID complexes were purified from insect cell lysates by StrepTactin affinity chromatography by pulling on a
twin-Strep tag fused at the Gid8 C terminus. Further purification was performed by anion exchange chromatography and size exclu-
sion chromatography (SEC) in the final buffer containing 25 mM HEPES pH 7.5, 200 mM NaCl and 5 mM (Buffer A) or 1 mM DTT
(Buffer B) for cryo EM and biochemical assays, respectively. To ensure a stoichiometric level of the substrate receptor Gid4 in all
cryo EM samples, all GID complexes were expressed without Gid4, and a bacterially-expressed truncated version of Gid4
(A1-116) was added at a 2-fold molar excess to Gid™ (Gid1-Gid8-Gid2-Gid9-Gid5) before final SEC. To assemble Chelator-GIDSR,
both Gid4 (A1-116) and Gid7 were added to Gid"™ at a 2-fold molar excess before final SEC. For the sample of Chelator-GIDS?* with
Fbp1 bound, 2-fold molar excess of the substrate was added to a purified and concentrated complex just before cryo EM grids prep-
aration. A list of yeast GID complexes analyzed by cryo EM along with strategies for their expression and purification is shown below:

1. Chelator-GIDS®*: Gid1, Gid2, Gid5, Gid8-2xS, Gid9 coexpressed in Hi5 insect cells; bacterially expressed Gid4 (A1-116) and
Gid7 added before final SEC; purified by StrepTactin affinity, IEX and SEC

2. Fbp1-bound Chelator-GIDSF*: Gid1, Gid2, Gid5, Gid8-2xS, Gid9 coexpressed in Hi5 insect cells; bacterially expressed Gid4
(A1-116) and Gid7 added before final SEC; purified by StrepTactin affinity, IEX and SEC; Fbp1-6xHis added directly before cryo
EM grids preparation

3. GIDSR: Gid1, Gid2, Gid5, Gid8-2xS, Gid9 coexpressed in Hi5 insect cells; bacterially expressed Gid4 (A1-116) added before
final SEC; purified by StrepTactin affinity, IEX and SEC

CTLHS™ and CTLH-MKLN1 subcomplex comprising SA and SRS modules were purified from insect cell lysates by StrepTactin
affinity chromatography by pulling on a twin-Strep tag fused at the TWA1 C terminus, whereas the CTLH-WDR26 subcomplex
comprising SA and SRS modules was pulled on a twin-Strep tag at the ARMC8 N terminus. Further purification was performed
by anion exchange chromatography and size exclusion chromatography in Buffer A or Buffer B. As for yeast GID, the CTLH
subcomplexes used for cryo EM were saturated with hGid4 by mixing them with the bacterially-expressed truncated version of
hGid4 (A1-99) and running SEC. CTLH-WDR26 supramolecular assembly was purified from lysates by a tandem affinity chromatog-
raphy, by first pulling on TWA1-2xS and then GST-WDR26. The pull-down fractions were run on SEC in Buffer A. Alist of human CTLH
complexes analyzed by cryo EM along with strategies for their expression and purification is shown below:

1. CTLH-WDR26 supramolecular assembly: RANBP9, TWA1-2xS, ARMC8, RMND5A, MAEA, GST-WDR26 coexpressed in Hi5
insect cells; purified by tandem StrepTactin and GST affinity and SEC

2. CTLH-WDR26 SA and SRS modules: RANBP9, TWA1, 2xS-ARMC8, WDR26, YPELS5 coexpressed in Hi5 insect cells; bacte-
rially expressed hGid4 (A1-99) added before final SEC; purified by StrepTactin affinity, IEX and SEC

3. CTLH-MKLN1 SA and SRS modules: RANBP9, TWA1-2xS, ARMC8, MKLN1 coexpressed in Hi5 insect cells; bacterially ex-
pressed hGid4 (A1-99) added before final SEC; purified by StrepTactin affinity, IEX and SEC

4. CTLHSR*: RANBP9, TWA1-2xS, ARMC8, RMND5A, MAEA coexpressed in Hi5 insect cells; bacterially expressed hGid4
(A1-99) added before final SEC; purified by StrepTactin affinity, IEX and SEC

Bacterial expression and purification
All bacterial expressions were performed in E. coli BL21 (DE3) RIL cells in a Terrific Broth (TB) medium overnight at 18°C.

All the mutant and WT versions of Gid4 (both yeast and human ortholog) and Gid7 were expressed as GST-TEV fusions. After har-
vesting, cell pellets were resuspended in the lysis buffer containing 50 mM HEPES pH 7.5, 200 mM NaCl, 5 mM DTT and 1 mM PMSF
and purified from bacterial lysates by glutathione affinity chromatography, followed by overnight digestion at 4°C with tobacco etch
virus (TEV) protease to liberate the GST tag. Further purification was carried out with size exclusion chromatography in Buffer B. Addi-
tionally, a pass-back over glutathione affinity resin was performed to get rid of the remaining uncleaved GST-fusion protein and free
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GST. Ubc8, Ube2H, Ub (for generating ubiquitylated Fbp1), Fbp1 (WT and mutants), Mdh2 and Pck1 were expressed as their
C-terminally 6xHis-tagged versions. After harvesting, cell pellets were resuspended in the lysis buffer containing 50 mM HEPES
pH 7.5, 200 mM NaCl, 5 mM B-mercaptoethanol, 10 mM imidazole and 1 mM PMSF, and purified from bacterial lysates by nickel
affinity chromatography, followed by anion exchange and size exclusion chromatography in Buffer A or Buffer B (for structural studies
and activity assays, respectively). Fbp1-V5-2xS (for Fbpase activity assays) was purified by StrepTactin affinity chromatography and
SEC in Buffer B.

Untagged WT ubiquitin used for in vitro assays was purified via glacial acetic acid method (Kaiser et al., 2011), followed by gravity S
column ion exchange chromatography and size exclusion chromatography in Buffer B. Different Ub variants as well as WT Ub used
for the ubiquitin chain type determination assay were expressed as GST-3C fusions and purified by glutathione affinity chromatog-
raphy, followed by incubation with HRV-3C protease for 3 hours at room temperature. Further purification was done with size exclu-
sion chromatography in Buffer B.

Fluorescent tagging of the GID substrates Fbp1, Mdh2 and Pck1 used for all the biochemical assays was performed with a sortase
A-mediated reaction, which catalyzed fusion of fluorescein to the C terminus of the substrate. The reaction mix contained 50 uM of
the substrate, which was C-terminally tagged with a sortag (LPETGG) and a 6xHis tag, 250 uM of a fluorescent peptide
(GGGGGFYVK-FAM) and 50 uM of sortase A (Chen et al., 2011b). The labeling reaction was carried out for 30 minutes at room tem-
perature in a buffer comprising 50 mM Tris-HCI pH 8, 150 mM NaCl and 10 mM CaCl,. The reaction mixture was consecutively
passed-back through the Ni-NTA Sepharose resin to get rid of unreacted Fbp1. Further purification was done with size exclusion
chromatography in Buffer B.

All the labeled and unlabeled peptides used in the biochemical assays were synthesized in the MPIB Biochemistry Core Facility.

In vitro biochemical assays

Allin vitro activity assays were performed at room temperature in a buffer containing 25 mM HEPES pH 7.5, 150 mM NaCl, 5 mM ATP
and 10 mM MgCl,. To ensure that all the reaction mixtures contained equal concentrations of WT and mutant versions of Gid4 and
Gid7, these proteins were added exogenously for all assays besides kinetics. To analyze kinetics of Fbp1 ubiquitylation, the assays
were performed with purified GIDS®* and Chelator-GIDS"* obtained by co-expressing all of their subunits, as well as GIDS®* mixed
with Gid7 before starting the reaction. All the reactions were quenched at indicated time points by mixing an aliquot of the total re-
action mix with SDS-PAGE loading buffer. Ubiquitylation of fluorescent substrates was visualized by a fluorescent scan of SDS-
PAGE gel using the Amersham Typhoon imager (GE Healthcare).

Biochemical assays with yeast GID

The influence of Gid7 and Gid4 on ubiquitylation of the full-length (Figures 1A and 1B) and peptide versions (Figure S1B) of Fbp1 was
tested in a multiturnover assay format using 0.2 uM Uba1, 1 uM Ubc8-6xHis, 0.5 uM GIDA™, 0 or 1 uM Gid4, 0 or 2 uM Gid7, 1 uM full-
length Fbp1-FAM or a fluorescently labeled model peptide substrate and 20 uM Ub (WT or all K > R (K0) version). The model peptide
substrate was designed with the N-terminal Fbp1 sequence (aa 2-16) and a single lysine placed at position 27 (to span the distance
between the substrate receptor Gid4 and the catalytic center measured in the structure of Chelator-GIDS?4). Similarly, the influence
of Gid7 and Gid4 on ubiquitylation of other gluconeogenic substrates, Mdh2 and Pck1, was tested in a multiturnover assay using their
fluorescently labeled versions and carried out under identical conditions (Figure 1A). The same assay format and conditions were
employed to qualitatively compare Fbp1 ubiquitylation activity of GIDS?* exogenously mixed with Gid7 to that of the SEC-purified
Chelator-GIDS™ (containing co-expressed Gid7) (Figure S1C). All the assays were performed in at least duplicates and some of
them were quantified using image analysis software ImageQuant (GE healthcare; version 8.2).

To test the influence of Gid7 on intrinsic activity of GID E3, a substrate-independent pulse-chase assay monitoring discharge of
Ubc8~Ub to free lysine in solution was employed (Figure S1A). In the pulse reaction, loading of Ubc8 was performed by mixing
0.5 uM Uba1l, 10 uM Ubc8-6xHis, 30 uM Ub, 2.5 mM MgCl, and 1 mM ATP. After 15 minutes at room temperature, Ubc8 loading
was stopped by incubation of the pulse mixture with 50 mM EDTA on ice for 5 minutes. For the chase reaction, the quenched pulse
mixture was mixed with an equal volume of the chase-initiating mixture containing 1 uM GID®?* complex, 0 or 2 uM Gid7 (WT or
A1-285 mutant) and 25 mM lysine pH 8.0. The discharge was carried out at room temperature, quenched at different time points
and visualized by non-reducing SDS-PAGE stained with Coomassie.

Avid binding of Fbp1 to Chelator-GIDS"* was verified by performing a competition ubiquitylation assay in a multiturnover format
(Figure 4D). The reactions were initiated by mixing 0.2 uM Uba1, 1 uM Ubc8-6xHis, 0.5 uM E3 GIDS?, 0 or 2 uM Gid7 (WT or its
A1-284 mutant), 0.5 uM of fluorescently labeled tetrameric Fbp1 or a monomeric model peptide substrate containing Fbp1 degron
(as described above), 20 uM of an unlabeled competitor (full-length Fbp1-6xHis with major target lysines K32, K35, K280, K281
mutated to R or a lysine-less 9-residue peptide containing Fbp1 N-terminal sequence) and 20 uM Ub. Before starting the reaction,
GIDS®* was incubated with Gid7 for 3 minutes.

To validate the preferred ubiquitylation sites in Fbp1 determined by proteomics, multi-turnover ubiquitylation assays were per-
formed using mutants of Fbp1, in which the pairs of major target lysines were mutated to arginine separately or together (Figure 5A).
The reaction mixtures contained 0.2 uM Uba1, 1 uM Ubc8-6xHis, 0.5 uM GIDA™, 1 uM Gid4, 2 uM Gid7, 1 uM Fbp1-6xHis (WT or
target K > R mutants) and 20 uM Ub (WT or its all K > R (K0) version). Ubiquitylation of the substrates was visualized by immunoblot-
ting with anti-His antibody.
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Determination of kinetic parameters of Fbp1 ubiquitylation by GID E3

To examine the effect of Gid7 on the Michaelis-Menten constant K, for Fbp1 ubiquitylation by GID E3 (Figure 1C), multiturnover as-
says were performed by titrating the E3 concentration and with substrate levels that were below K,,. Assays were performed with
GIDSR*, GIDSR* mixed with Gid7 as well as a purified Chelator-GIDS?* (GIDS®* coexpressed with Gid7). Reactions were quenched
at time points such that the initial velocities of all reactions were well within the linear range (determined by running time courses for
reactions that contained the highest E3 concentration from the titrations). Reactions with GIDS?* comprised 0.2 yM Uba1, 1 uM
Ubc8, 0.25-8 yM GID®R*, 0.5 uM Fbp1-FAM and 20 pM Ub, and were quenched after 8 minutes. For GIDS?* exogenously mixed
with Gid7, reactions comprised 0.2 uM Ubal, 1 uM Ubc8, 0.025-0.8 uM GIDS"* mixed with a 2-fold excess of Gid7, 0.1 uM
Fbp1-FAM and 20 uM Ub, and were quenched after 3 minutes. In the case of Chelator-GIDS?, the reaction mixes contained
0.2 uM Ubat, 1 uM Ubc8, 0.03-1 uM Chelator-GIDS?, 0.1 uM Fbp1-FAM and 20 uM Ub, and the reactions were quenched
after 2 minutes. Reaction substrate and products were resolved by SDS-PAGE and quantified using ImageQuant (GE healthcare;
version 8.2). Fraction of Fbp1 that had been modified by one or more ubiquitins was then plotted as a function of E3
concentration in GraphPad Prism and fit to the Michaelis-Menten equation using non-linear curve fitting. All reactions were per-
formed in duplicate.

Since the method described in the previous paragraph involved titration of E3 levels rather than that of the substrate, k., was esti-
mated using the following protocol. Initial velocities were measured for both GID®R* and Chelator-GIDS?* by performing a time course
where the ratios of both E3 to K, and substrate to K,,, were the same for each E3 complex (2.7 and 0.4, respectively). The fraction of
ubiquitylated Fbp1 was plotted in GraphPad Prism as a function of time (Figure S1D) and the rate of the reaction was estimated by
linear regression. Having calculated the rate, initial velocities V, were calculated using the following equation: Vo = rate - [S]. Vimax Was
then estimated using a modified form of the Michaelis-Menten equation: Vipax = Yo Kn+[S ) where [S] =’2—<% because the substrate
concentration was 2.5 times lower than K;,,. To obtain k., values, V. was divided by the E3 concentration: keat = \T/?gf
Biochemical assays with human CTLHS?*

All in vitro ubiquitylation assays with CTLHSR* were performed using a 30-residue fluorescent model peptide substrate harboring an
N-terminal hGid4-interacting sequence PGLW and a single lysine placed at position 27, which is an optimal distance between the
catalytic module and hGid4 based on the cryo EM structure.

To probe the residues of hGid4 that mediate its incorporation into CTL , structure-based hGid4 mutants (corresponding to ho-
mologous mutations in yeast Gid4 (Qiao et al., 2020) were tested in a binding test (Figure S6D) and ubiquitylation assays (Figure S6E).
For the binding test, 10-fold molar excess of the purified WT and mutant hGid4 (A1-99) was mixed with 20 ng of RANBP9-TWA1-
ARMCB8-RMNDS5A-MAEA complex (tagged with a twin-Strep tag at TWA1 C terminus) in a buffer containing 25 mM HEPES pH
7.5, 150 mM NaCl and 1 mM DTT. After incubating the proteins for 30 minutes on ice, 40 uL of the StrepTactin resin was added
to the mixture and further incubated for 1 hour. As a control, RANBP9-TWA1-ARMC8-RMND5A-MAEA complex and hGid4 were
mixed with StrepTactin alone. After throughout wash of the resin, elution fractions were collected and analyzed with SDS-PAGE
stained with Coomasie. Ubiquitylation reactions were performed in a multiturnover format by mixing 0.2 uM Uba1, 2 uM Ube2H-
6xHis, 1 M RANBP9-TWA1-ARMC8-RMND5A-MAEA complex, 1 uM hGid4 (A1-99, WT or an indicated mutant), 0.5 uM fluorescent
model peptide substrate and 20 uM Ub.

The catalytic mechanism of CTLH was examined by testing mutants of RMND5A and MAEA in substrate-independent discharge
reactions (Figure S6G) and ubiquitylation assays (Figure S6H). The substrate-independent reactions monitored the discharge of
Ube2H~Ub to free lysine in solution in a pulse-chase format, applying the conditions as described for the assay with yeast GID.
For the ubiquitylation multiturnover assays, the reactions contained 0.2 uyM Ubal, 2 uM Ube2H-6xHis, 1 pM RANBP9-TWA1-
ARMCB8-RMND5A-MAEA complex (containing either WT or indicated mutants of RMND5A or MAEA), 1 uM hGid4 (A1-99), 0.5 uM
fluorescent model peptide substrate and 20 uM Ub.

For characterizing the ubiquitin chain type formed by CTLHS® in conjunction with Ube2H, a multiturnover assay was performed
(Figure S6l). The reaction mix contained 0.2 uM Uba1, 2 uM Ube2H-6xHis, 1 uM RANBP9-TWA1-ARMC8-RMND5A-MAEA complex,
1 uM hGid4 (A1-99), 0.5 uM fluorescent model peptide substrate and 20 uM Ub (WT, lysine-less (all K > R) or one of its single-lysine
variants (with all but one lysine mutated to arginine)).

HSR4

SEC for initial characterization of GID supramolecular assembly

For initial test of how Gid7 affects GID complex assembly (Figure S2A), 200 pL of 10 uM Gid7 and GID®R alone or together (mixed in
1:1 ratio) were loaded onto a Superose 6 column (GE Healthcare) equilibrated with 25 mM HEPES 7.5, 150 mM NaCl and 5 mM DTT.
SEC fractions were analyzed with Coomassie-stained SDS-PAGE.

SEC-MALS

To determine the oligomeric state of Fbp1 and Gid7 (Figure S2B), the proteins were subjected to SEC-MALS analysis. For each run,
100 pl of samples at 1 mg/mL were loaded onto Superdex 200 column equilibrated with a buffer containing 25 mM HEPES pH 7.5,
150 mM NaCl and 5 mM DTT. SEC-MALS was conducted in the MPIB Biochemistry Core Facility.
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Fbp1 enzyme activity assay

To test the effect of Fbp1 ubiquitylation on its activity (Figure 5E) and sensitivity to allosteric regulation by AMP (Figure 5F), EnzChek
Phosphate Assay Kit (ThermoFisher Scientific) was employed. This assay quantifies inorganic phosphate (P;) released from fructose-
1,6-bisphosphate by Fbp1 through enzymatic conversion of 2-amino-6-mercapto-7-methyl-purine riboside (MESG) to ribose
1-phosphate and 2-amino-6-mercapto-7-methylpurine by purine nucleoside phosphorylase (PNP). This leads to a shift in maximum
absorbance from 330 nm for MESG to 360 nm for the final reaction product (2-amino-6-mercapto-7-methylpurine).

To obtain fully ubiquitylated Fbp1, it was subjected to an overnight multiturnover ubiquitylation reaction at room temperature con-
sisting of 0.2 uM Uba1, 1 uM Ubc8, 0.5 uM GIDA™, 1 uM Gid4, 2 uM Gid7, 10 uM Fbp1-V5-2xS and 100 uM 6xHis-3c-Ub. The reaction
mix was run on SEC (using Superose 6 column) to separate different components of the assay. Fractions corresponding to the ubig-
uitylated Fbp1 were pooled and incubated with Ni-NTA resin for 30 minutes. After throughout wash, the bound protein was eluted and
visualized by SDS-PAGE.

Fbp1 activity assays were performed according to the manufacturer’s instructions at room temperature. First, all the reagents pro-
vided in the assay kit (MESG, PNP and 20x reaction buffer), 0.5 mM fructose-1,6-bisphosphate substrate and 0.6 mM AMP (only for
the Fbp1 inhibition assay) were pre-mixed and incubated for 5 min. Then, the reaction was initiated by addition of 53 nM of the WT,
target lysine mutant (K32A/K35A/K280A/K281A) or fully ubiquitylated Fbp1, and the reaction progress was followed by measuring a
time-course of absorbance at 360 nm (Asgo, absorbance of the final reaction product) using CLARIOStar Plus microplate reader
(BMG LABTECH) in a UV-transparent 96-well plate. The values of Azgo obtained for the buffer-only control were subtracted from
all the experimental measurements, which were then plotted in GraphPad Prism.

Analysis of global proteome of WT versus AGid7 yeast (Karayel et al., 2020)

To test which proteins are dependent on Gid7 for their in vivo degradation, we compared the global proteome of WT with that of the
AGid7 yeast (Figure S1F). Cells were grown in SD media to an OD of 1-1.5, pelleted by centrifugation, washed in pre-warmed SE
media, and resuspended to an OD of 1 in fresh, pre-warmed SE media. Cultures were then allowed to grow at 30°C for 18 hours,
after which cells were again pelleted by centrifugation, and resuspended in fresh, pre-warmed SD media to an OD of 1. Following
growth at 30°C for 2 hours, 50 ODs of cells were pelleted by centrifugation, flash frozen and stored at —80°C until lysis. The frozen
pellets were mixed with SDC lysis buffer (1% SDC and 100 mM Tris pH 8.5) and immediately heat-treated for 5 minutes at 95°C. Ly-
sates were homogenized by sonication at 4°C using a Bioruptor and then diluted to achieve equal protein concentrations in a 96-well
plate. Samples were next incubated for 5 minutes at 45°C with 40 mM CAA and 10 mM TCEP for reduction and alkylation and
digested overnight at 37°C using trypsin (1:100 w/w, Sigma-Aldrich) and LysC (1/100 w/w, Wako). Next day, peptide material was
desalted using SDB-RPS StageTips (Empore) (Kulak et al., 2014) and resuspended in buffer A (0.2% TFA/2% ACN). Peptide concen-
trations were measured by absorbance at 280 nm (Nanodrop 2000, Thermo Scientific) and equalized using buffer A*. 300 ng peptides
were subjected to LC-MS/MS analysis.

Samples were loaded onto a 20 cm reversed phase column (75 pm inner diameter, packed in house with ReproSil-Pur C18-AQ
1.9 um resin (Dr. Maisch GmbH)). The column temperature was maintained at 60°C using a homemade column oven. A binary buffer
system, consisting of buffer | (0.1% formic acid (FA) and buffer I (80% ACN plus 0.1% FA), was used for peptides separation, at a flow
rate of 450 nl/min. An EASY-nLC 1200 system (Thermo Fisher Scientific), directly coupled online with the mass spectrometer (Q Ex-
active HF-X, Thermo Fisher Scientific) via a nano-electrospray source, was employed for nano-flow liquid chromatography. We used
a gradient starting at 5% buffer B, increased to 35% in 18 and a half minute, 95% in a minute and stayed at 95% for three and a half
min. The mass spectrometer was operated in DIA mode. Full MS resolution was set to 120,000 with a full scan range of 300-1650 m/z,
a maximum fill time of 60 ms and an automatic gain control (AGC) target of 3e6. One full scan was followed by 12 windows with a
resolution of 30,000 in profile mode. Precursor ions were fragmented by stepped higher-energy collisional dissociation (HCD)
(NCE 25.5, 27,30%).

Spectronaut version 13 (Biognosys) was used to analyze DIA raw files using the yeast FASTA file (Swissprot, 2018) and the pro-
teome library previously published (Karayel et al., 2020) with default settings and enabled cross run normalization. The Perseus soft-
ware package version 1.6.0.7 was used for the data analysis (Tyanova et al., 2016). Protein intensities were log2-transformed and
filtered to make sure that identified proteins showed expression in all biological triplicates of at least one condition. The missing
values were subsequently replaced by random numbers that were drawn from a normal distribution (width = 0.3 and down shift =
1.8). For volcano plots, we used permutation-based FDR, which was set to 0.05 in conjunction with an SO-parameter of 0.1 to deter-
mine the significance.

Determination of preferentially targeted lysines in Fbp1 by LC-MS/MS (Figure S5)

To determine the preferentially targeted lysines in Fbp1, it was ubiquitylated by Chelator-GIDS?* and subjected to proteomic analysis.
To capture the initial ubiquitylation events, the assay was performed in a single-turnover pulse-chase format, wherein the concen-
tration of the substrate was significantly exceeding that of E2~Ub. In the pulse, 10 uM Ubc8 was loaded with 30 uM lysine-less ubig-
uitin mutant (all K> R) and 0.5 pM Uba1 for 15 minutes at room temperature and quenched with 50 mM EDTA. To start the chase, the
pulse reaction was mixed with an equal volume of the chase-initiating mixture containing 1 pM GIDA™, 2 uM Gid7, 2 uM Gid4 and 4 uM
Fbp1-6xHis and incubated at room temperature. After 1 minute, the reaction was quenched by adding 10 mM DTT, which was then
removed by desalting before proteomic analysis.
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Proteins were digested and prepared for LC-MS/MS measurements as previously described (Qiao et al., 2020). Briefly, samples
were diluted in digestion buffer (1 M urea in 50 mM ammonium bicarbonate, pH 8.0), followed by addition of TCEP and CAA to a final
concentration of 10 mM and 40 mM, respectively. After reduction and alkylation for 5 minutes at 45°C, samples were enzymatically
digested using either trypsin (1:20 w/w, Sigma-Aldrich) alone, trypsin (1:40 w/w)/GIuC (1:40 w/w, BioLab) or trypsin (1:40 w/w)/AspN
(1:40 w/w, Promega) at 37°C overnight. Thereafter, protease activity was quenched and peptides were loaded and cleaned on SDP-
RPS StageTips. Peptides were subsequently eluted with 1.25% ammonium hydroxide/80% ACN, dried using a SpeedVac centrifuge
(Eppendorf, Concentrator plus) and resuspended in buffer A (2% ACN/0.1% TFA) for LC/MS-MS analysis.

Peptide concentration was estimated by UV spectrometry and approximately 200 ng were loaded on a 50 cm reversed phase col-
umn (75 um inner diameter, packed in-house with ReproSil-Pur C18-AQ 1.9 um resin (Dr. Maisch GmbH)). Column temperature was
maintained at 60°C using a homemade column oven. 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. We used an EASY-nLC 1200 system (Thermo
Fisher Scientific), which was directly coupled online with the mass spectrometer (Q Excative HF-X, Thermo Fisher Scientific) via a
nano-electrospray source. Peptides were eluted with a gradient starting at 3% buffer B and stepwise increased to 8% in 8 min,
36% in 32 min, 45% in 4 minutes and 95% in 4 min. The mass spectrometer was operated in Top12 data-dependent mode (DDA)
with a full scan range of 250-1350 m/z at 60,000 resolution with an automatic gain control (AGC) target of 3e6 and a maximum fill
time of 20 ms. Precursor ions were isolated with a width of 1.4 m/z and fragmented by higher-energy collisional dissociation
(HCD) with a normalized collision energy (NCE) of 28%. Fragment scans were performed at a resolution of 30,000, an AGC of 1e5
and a maximum injection time of 110 ms. Dynamic exclusion was enabled and set to 15 s.

Raw MS data were searched against UniProt Yeast FASTA using MaxQuant (version 1.6.2.10) with a 1% FDR at peptide and pro-
tein level. Cysteine carbamidomethylation was set as fixed, protein N-terminal acetylation, methionine oxidation and lysine diGly as
variable modifications. The minimum peptide length was set to 7 amino acids, enzyme specificity was set to trypsin and two missed
cleavages were allowed, permitting a maximum of 5 modifications per peptide. MS/MS spectra identifying ubiquitylated peptides of
interest were obtained and exported using MaxQuant Viewer.

Cell culture and generation of CRISPR-Cas9 knock out cell lines

K562 erythroleukemia cell line was obtained from ATCC (CCL-243™) and cultured in IMDM completed with 10% (v/v) FBS (GIBCO)
and antibiotics (100 units/ml penicillin, 0.1 mg/ml streptomycin, GIBCO). Cell densities were kept between 0.1-1 x 10 cells/mL, and
cultures were regularly checked for the absence of mycoplasma contamination. For CRISPR-Cas9-(D10A) nickase-mediated func-
tional knockouts of MAEA, MKLN1 and WDR26, paired sense and antisense guide RNAs (gRNA) were designed to target MAEA in
exon 2, exon 5in MKLN1 and exon 1 in WDR26 genetic locus. Sense and antisense gRNA were cloned into pBABED-U6-Puromycin
plasmid (gift from Thomas Macartney, University of Dundee, UK) and pX335-Cas9(D10A) (Addgene) (Cong et al., 2013), respectively.
K562 cells were co-transfected with vectors encoding the pair of gRNAs using Lipofectamine LTX reagent (Invitrogen) following man-
ufacturer’s instructions. Twenty-four hours after transfection, cells were selected in puromycin (2 ug/ml) for 2 days, followed by
expansion, and single-cell dilution to obtain cell clones. Successful knockout clones were confirmed by immunoblotting and genomic
sequencing of targeted loci (Figure S6J).

Human cell lysate fractionation by sucrose density gradient

1 x 107 cells were harvested by centrifugation at 360 x g, washed once with ice-cold PBS, and resuspended in lysis buffer (40 mM
HEPES pH 7.5, 120 mM NaCl, 1 mM EGTA, 0.5% NP40, 1 mM DTT, and Complete protease inhibitor mix (Roche)). Cells were ho-
mogenized by pushing them 10 times through a 23G syringe. The obtained lysate was cleared by centrifugation at 23,000 x g for
30 minutes at 4°C. 3 mg of total protein were loaded on top of a 5%-40% sucrose gradient (weight/volume, in lysis buffer) and centri-
fuged in a SW60 rotor at 34,300 rpm for 16 hours at 4°C. Fractions were collected from top of the gradient and separated by SDS-
PAGE, followed by immunoblotting using the following antibodies: RMND5A (Santa Cruz), MAEA (R&D systems), RANBP9 (Novus
Biologicals), TWA1 (Thermo Fisher), ARMCS8 (Santa Cruz), WDR26 (Bethyl Laboratories), MKLN1 (Santa Cruz) and YPELS5 (Thermo
Fisher). Antibodies that recognize hGid4 were generated by immunizing sheep with bacterially expressed GST-hGid4 (A1-99). West-
ern blots were developed using Clarity Western ECL Substrate (BioRad) and imaged using Amersham Imager 600 (GE Lifesciences).

Cryo EM sample preparation and Imaging

Cryo EM grids were prepared using Vitrobot Mark IV (Thermo Fisher Scientific) operated at 4°C and 100% humidity. 3.5 pl of freshly
purified proteins at 0.3-0.5 mg/ml were applied to glow-discharged Quantifoil holey carbon grids (R1.2/1.3 200 mesh). Grids were
immediately blotted with Whatman no. 1 filter paper (blot time: 3 s, blot force: 3) and vitrified by plunging into liquid ethane.

Cryo EM data were first screened and collected on a Talos Arctica or Glacios transmission electron microscope (Thermo Fisher
Scientific) operated at 200 kV, equipped with a Falcon Il (Thermo Fisher Scientific) or K2 (Gatan) direct electron detector, respec-
tively. Automated data collection was carried out using EPU software (Thermo Fisher Scientific) or SerialEM (Mastronarde, 2003).
High-resolution datasets were collected on a Titan Krios (Thermo Fisher Scientific) microscope operated at 300 kV, equipped
with a post-column GIF and a K3 Summit direct electron detector (Gatan) operating in a counting mode. SerialEM was used to auto-
mate data collection (Mastronarde, 2003). Details of cryo EM data collection and map refinement are listed in Table S1.
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Cryo EM data processing

Frames were motion-corrected with dose weighting using MotionCorr2 (Zheng et al., 2017) and subjected to estimation of contrast
transfer function parameters with Getf (Zhang, 2016). Auto-picking of particles was performed with Gautomatch (https://www.mrc-
Imb.cam.ac.uk/kzhang/) and for most datasets, it was aided by provision of a template obtained from previous low-resolution data-
sets. For Titan Krios datasets, movies were being pre-processed on-the-fly during data collection with Focus (Biyani et al., 2017),
which also automatically discarded poor quality images. All the subsequent stages of data processing were carried out with Relion
(Fernandez-Leiro and Scheres, 2017; Scheres, 2012; Zivanov et al., 2018). To clean up the data, extracted particles were subjected to
either several rounds of 2D classification, followed by a 3D classification or submitted directly to a masked 3D classification. The
chosen subset of particles was subjected to auto-refinement without and with a mask. To improve the quality of maps obtained after
consensus refinement, a 3D classification without particle alignment was performed and a class having the most complete features
was selected.

High-resolution maps of yeast substrate receptor scaffolding (SRS), catalytic (Cat) and supramolecular assembly (SA) modules
were obtained from the Chelator-GIDSF* dataset with its substrate Fbp1 bound. For the SRS module, a more resolved half of the
Chelator-GIDS?* was first auto-refined and a focused 3D classification without particle alignment was performed with a mask
over GIDSR, Then, focused refinement was performed, wherein the Cat module was masked out. For Cat and SA modules, the num-
ber of particles used for alignment was doubled by taking advantage of the Chelator-GIDS?* having C2 symmetry. First, the map of
the entire complex was auto-refined with C2 symmetry imposed and masks were created for each of its halves. Then, the signal for
each half was separately subtracted and the resulting semi-elliptical particles were aligned by auto-refinement. After masking out the
SRS module, a focused 3D classification without particle alignment was performed separately for Cat and SA modules. After one
more round of 3D classification without particle alignment with a higher T-value, the particles were subjected to CTF refinement
and final auto-refinement.

For high-resolution CTLHSR dataset, the density corresponding to the catalytic module (RMND5A-MAEA) was masked out due to
its mobility relative to the substrate receptor scaffolding module (RANBP9-TWA1-ARMCB8-hGid4). For visualization of less resolved
parts of the map, such as RANBP9-S"-CRAC_TWA1 as well as the N- and C-termini of ARMC8, subsequent rounds of focused 3D
classifications with masks over these regions were carried out. The final auto-refinement was preceded by a CTF refinement.

All maps were post-processed by automatic B-factor weighting and high-resolution noise substitution in Relion. In addition, to aid
in building atomic models, the refined maps of the Chelator-GIDS?* SA module and CTLHS?* SRS module were post-processed with
DeepEMhancer (Sanchez-Garcia et al., 2020) and are deposited as additional maps in EMDB. The estimated resolutions of all recon-
structions are based on the gold-standard Fourier Shell Correlation (FSC) at 0.143 criterion. Simplified schematic of processing for
both Titan Krios datasets are presented in Figures S4 and S7 (for Chelator-GIDSP* and CTLHS™, respectively).

Model building and refinement

Manual building of all models was performed with Coot (Emsley and Cowtan, 2004; Emsley et al., 2010), whereas structure visual-
ization and analysis was carried out with Chimera (Pettersen et al., 2004), ChimeraX (Goddard et al., 2018) and Pymol-v2.1 (https://
pymol.org/2/).

The atomic model of CTLH substrate receptor scaffolding module was prepared as follows. Most of ARMC8 was built automat-
ically with Buccaneer (Cowtan, 2006) and refined manually with Coot. The model of the substrate receptor hGid4 was generated
by docking its crystal structure (PDB: 6CDC) into the EM map and manual building of its N- and C-termini. The crystal structure
of RANBP9 SPRY domain (PDB: 5J17) was fitted into the electron density map and served as a starting point for manual building
of its downstream region. Manual building of TWA1 was guided by fitting parts of its homology model into the map (generated by
SWISS-MODEL (Waterhouse et al., 2018), based on the structure of yeast Gid8 in GIDS?*, PDB: 6SWY) and secondary structure pre-
diction obtained from Phyre2 server (Kelley et al., 2015).

The structure of the SRS module in Chelator-GIDSR* was generated by fitting the atomic coordinates of the corresponding part of
GIDSR* (PDB: 6SWY) and manual refinement. The loops of Gid4 surrounding its substrate-binding cavity as well as Fbp1 degron were
built manually. Coordinates of most of Gid8 and Gid1 in the SA module were fitted from the structure of GIDS?* and the missing or
differing parts, such as Gid1 CTLH-CRAN, were built manually. The LisH-CRAC as well as CTLH-CRAN domains of Gid7 were built
manually, guided by secondary structure predictions. Manual building of Gid7 B-propellers was aided by their homology model
from Phyre? (Kelley et al., 2015). All of the Cat module was built manually and the geometry of the zinc binding site was constrained
to account for tetrahedral coordination of zinc ions.

All the models were subjected to iterative rounds of manual building with Coot and real space refinement in PHENIX (Adams et al.,
2010; Afonine et al., 2018; DiMaio et al., 2013) until a satisfactory model quality, in terms of its geometry and agreement with the map,
was obtained.

Fbp1 crystallization and data processing

Crystallization trials of Fbp1-6xHis were performed in the MPIB Crystallization Facility. Before setting up the crystallization trays, the
purified Fbp1 was concentrated to 12 mg/mL and combined with 0.5 mM of its allosteric inhibitor AMP and the substrate fructose-
1,6-bisphosphate. Crystals used for X-ray data collection were obtained at 4°C in the buffer containing 16% PEG 3350, 0.2 M MgCl,
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and 0.1 M Bis-Tris pH 6 using a vapor diffusion method performed in a sitting-drop format. Crystals were cryoprotected using 20%
ethylene glycol and stored by flash freezing in liquid nitrogen until data collection.

Diffraction dataset was recorded at X10SA beam line, Swiss Light Source (SLS) in Villingen, Switzerland. Data were recorded at 0.5
degree rotation intervals using Dectris Pilatus 2M-F detector. Data were indexed, integrated, and scaled using XDS package to a
resolution limit of 1.95 A. Phasing was performed through molecular replacement using a structure of human Fbp1 (PDB: 1FTA)
with PHASER integrated into the PHENIX software suite (Adams et al., 2010; Afonine et al., 2018; DiMaio et al., 2013). Model building
was done using Coot (Emsley and Cowtan, 2004; Emsley et al., 2010), whereas refinement was carried out with phenix.refine. Details
of X-ray diffraction data collection and refinement statistics are listed in Table S2.

QUANTIFICATION AND STATISTICAL ANALYSIS

For the assays described in the section “In vivo yeast substrate degradation assays,” protein bands visualized by western blots were
quantified using ImageStudioLite software (Li-Cor). For statistical analysis, at least three biological replicates were considered and
the standard deviation of the replicates was presented using error bars.

Fluorescently labeled proteins in in vitro ubiquitylation reactions were quantified in ImageQuant (GE Healthcare) and the calculated
fractions of ubiquitylated substrates were plotted in GraphPad Prism. All in vitro assays were performed in at least duplicates and the
standard deviation represented by error bars are shown wherever necessary. For determination of K, for Fbp1 ubiquitylation by GID
E3 with kinetics, the fraction of ubiquitylated Fbp1 was fit to the Michaelis-Menten equation in GraphPad Prism. k.o was calculated
based on a slope of a linear phase of Fbp1 ubiquitylation reaction fitted in GraphPad Prism.
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Protein ubiquitination is an immensely complex PTM that is not limited to the mere
addition of single ubiquitin molecules to a substrate protein. Substrate-bound ubiquitin
itself can be subject to further ubiquitination resulting in the formation of ubiquitin chains.
Two ubiquitin molecules may be linked through one of the seven epsilon amines of the
lysine sidechains or the N-terminal alpha amine. The ‘ubiquitin code’ describes the
various architectures of resulting polyubiquitin chains and their different functionalities
(see also section 1.3.1.2). In this study, the Schulman group evaluated how the reactive
amine geometry affects the ubiquitin code. By generating synthetic ubiquitin molecules
with defined, non-natural lysine sidechain length, they demonstrated that the aliphatic
side chain is a determinant of the ubiquitin code.

For this study, | developed a targeted SIM assay for the absolute quantification of
diubiquitin chain linkages. Specific diubiquitin linkage types can be identified by
characteristic peptides that display a missed cleavage site after modified diGly remnant
carrying lysins. The absolute quantification of these characteristic peptides was enabled
by spiking in synthetic stable isotope labeled versions of these linkage type-specific

peptides.
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Linkage-specific ubiquitin chain formation
depends on a lysine hydrocarbon ruler

Joanna Liwocha®'®, David T. Krist"®°, Gerbrand J. van der Heden van Noort©?2°, Fynn M. Hansen?,
Vinh H. Truong?, Ozge Karayel®, Nicholas Purser®5, Daniel Houston?®, Nicole Burton®,

Mark J. Bostock®’, Michael Sattler ©¢7, Matthias Mann©®3, Joseph S. Harrison?, Gary Kleiger>™,
Huib Ovaa®?°% and Brenda A. Schulman®'

Virtually all aspects of cell biology are regulated by a ubiquitin code where distinct ubiquitin chain architectures guide the bind-
ing events and itineraries of modified substrates. Various combinations of E2 and E3 enzymes accomplish chain formation by
forging isopeptide bonds between the C terminus of their transiently linked donor ubiquitin and a specific nucleophilic amino
acid on the acceptor ubiquitin, yet it is unknown whether the fundamental feature of most acceptors—the lysine side chain—
affects catalysis. Here, use of synthetic ubiquitins with non-natural acceptor site replacements reveals that the aliphatic side
chain specifying reactive amine geometry is a determinant of the ubiquitin code, through unanticipated and complex reliance of

many distinct ubiquitin-carrying enzymes on a canonical acceptor lysine.

cation controlling protein function in eukaryotic cells. Eight
distinct chain types are formed from linkage of the C termi-
nus of one UB to an amino group acceptor (seven lysines and the
N terminus) on another UB. The different UB chains form a ‘UB
code’ that is read by cognate binding domains, which control the
fates of modified proteins'~. Studies of endogenous and recombi-
nant proteins have shed light on this code, showing that K48-linked
chains often direct proteasomal degradation, while K63-linked
chains mediate diverse regulation by modulation of multi-subunit
complex assembly'~". Structural studies have shown how specificity
is determined by the distinct spacing between hydrophobic patches
presented by UB molecules linked in various chain types'~'. In some
cases, the actual isopeptide linkages between the UBs, and the sur-
rounding residues, also dictate recognition of specific UB chains.
Recently, chemical biology approaches have elucidated the prin-
ciples governing important aspects of UB biology”. Indeed, synthetic
UB chains with defined linkages and chemically unique properties
have highlighted the mechanisms underlying protein degradation
by the proteasome™ and revealed the potential of hundreds of
UB-binding domains to partner with their cognate chain types".
Despite this progress in deciphering how the code is ‘read’ by
the downstream machineries that recognize UB chains, the mecha-
nisms underlying the generation of specific UB chain linkages
remain incompletely understood. Chains are forged by combina-
tions of UB-conjugating enzymes (E2s) and UB ligases (E3s). In
humans, various pairings among ~30 E2s and ~600 E3s mediate UB
ligation to selected target proteins and determine the generation of
UB chains with specific linkages. Different E2s and E3s employ dis-
tinct enzymatic mechanisms to achieve polyubiquitylation™'’. Some

l | biquitin (UB) chains are a major post-translational modifi-

E2 enzymes can generate chains themselves, whereby, after enzy-
matic linkage of the C terminus of a UB to an E2 catalytic cysteine,
UB is transferred from the resultant E2~UB intermediate (where
~ refers to a thioester bond) to a lysine on an ‘acceptor UB. The
preferred UB acceptor lysine may be intrinsic to an E2 and/or may
be influenced by an E2 partner protein''. In some cases, UB transfer
from the E2 is stimulated by the hallmark ‘Really Interesting New
Gene' (RING) domain in many E3s. An E2 may also transfer UB to
an active-site cysteine of some E3s, as in a ‘Homologous to E6AP
C-terminus’ (HECT) catalytic domain, from which the donor UB is
linked to an acceptor UB to generate a chain.

Previous studies have identified E2 or E3 residues that are
critical for catalysis and present an acceptor UB to the active site,
as well as the roles of acceptor UB residues surrounding the tar-
geted lysine''""". However, whether features of a UB’s target lysine
beyond its nucleophilic primary amino group—such as the distance
between the primary amine and the UB polypeptide backbone—
influence UB chain formation remains unknown. Within classes
of UB-carrying enzymes (for example, E2 or HECT E3), catalytic
domains adopt similar structures that have the capacity to catalyze
covalent bond formation between the donor UB and assorted free
amino-acid acceptors (lysine, cysteine, serine and threonine)”'"'*"",
Because the substrates of the UB system are often degraded even
with mutation of the preferred lysines, it seems that targeting by
some E2 and E3 enzymes is relatively lax. This contrasts with pro-
tein interaction domains or histone-modifying enzymes, which
strictly depend on lysines for specific salt-bridge geometries or
substrate targeting”’'.

To investigate whether acceptor lysine side-chain features
beyond the primary amino group influence UB chain formation,
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Fig. 1| UBE2N-UB/UBE2V1/RNF4 RING E3 complex reacts preferentially
with free amino acids harboring amine acceptors and various side-chain
hydrocarbon linkers. a, Cartoon of the experimental scheme, monitoring
the reactivity of E2~UB (D refers to the ‘donor’ fluorescent UB to be
transferred from E2) towards various free amino acids. b, Time-course of
fluorescent UB discharge from UBE2N~UB/UBE2V1/RNF4 RING E3 to the
indicated amino acids, normalized to the starting signal of fluorescent UB
thioester-bonded to UBE2N. N = 2 independent experiments. For samples
derived from the same experiment, gels were processed in parallel.

we employed a suite of synthetic UBs harboring replacements for
K11, K48 or K63 with 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 primary amine strongly influences chain formation
for diverse polyubiquitylating enzymes. Thus, the lysine side chain
itself helps establish the UB code.

Results

Acceptor UB lysine geometry required by K63-specific E2. The
simplest activity of an E2 involves UB transfer to a nucleophilic
amino acid, free in solution. For some E2s, such discharge onto
an isolated amino-acid acceptor (for example, lysine, cysteine
and threonine) correlates with a preferred residue type modified
in the context of a protein target'*'"”. We examined the reactivity
of the well-characterized K63-linked UB chain forming enzyme,
the human heterodimeric E2 UBE2N/UBE2V1 complex, which
uniquely partners a canonical E2 subunit (UBE2N) with the dedi-
cated catalytically inactive E2-like UBE2V1'****, UBE2V1 guides
K63 (on an acceptor UB) towards the thioester linkage between
the active site cysteine of UBE2N and the C terminus of the donor
UB"**. The rate of formation of this K63-linked UB chain is accel-
erated by the RING domain of RNF4 E3 (hereafter referred to as
RNF4). RNF4 stabilizes the active conformation of the donor UB
thioester-bonded to the UBE2N active site’’. Moreover, coupling
with UBE2V1 and RNF4 stimulates the intrinsic reactivity of the
UBE2N~UB intermediate as monitored by UB discharge to free
lysine”, albeit less efficiently than to an acceptor UB’s K63.

We examined transfer of the donor UB from RNF4-
UBE2V1-activated UBE2N to various free amino acids using a
pulse-chase assay (Fig. 1a). UBE2N was charged with fluorescent
donor UB in the pulse reaction using E1 enzyme. After quenching
this reaction, the resultant UBE2N~UB intermediate was incu-
bated with RNF4, UBE2V1 and an amino acid. We initially tested
L-lysine (four methylene units in the side chain, referred to here

as C,) and two controls: L-serine, not known to accept UB from
RNF4-UBE2V1-UBE2N, and Ne-acetyl-L-lysine, with a blocked
€ amino group. As expected, L-lysine had high reactivity com-
pared to controls (Fig. 1b). Reactivity of Na-acetyl-L-lysine, with
a blocked o amino but available € amino group, verified lysine’s
Ne-amine as the preferred acceptor. With this established, we
tested lysine analogs differing in side-chain length. C,, C, and C;
analogs  (L-2,3-diaminopropionic acid, Na-acetyl-L-ornithine
and L-homolysine, respectively) demonstrated robust reactivity
(Fig. 1b and Extended Data Fig. 1a,b), indicating a lack of an abso-
lute requirement for aliphatic chain length between the backbone
and nucleophilic amino group of lysine analogs free in solution.

We next wondered how the L-lysine architecture within the
context of an acceptor UB would affect UBE2N/UBE2V1 reactiv-
ity (Fig. 2a). Solid-phase peptide synthesis was used to generate
five UBs with K63 analogs differing by the number of methylene
groups—one, two, three, four or five—between the o carbon and
the side-chain amino group: L-2,3-diaminopropionic acid (Dap,
referred to here as **UB,, for one methylene group in the analog
replacing native K63), L-2,4-diaminobutyric acid (Dab, referred to
here as **UB,, for two methylene groups in the analog replacing
K63), L-ornithine (Orn, referred to here as **UB,, for three methy-
lene groups in the analog replacing K63), L-lysine (Lys, referred to
here as **UB,, for four methylene groups in the native acceptor)
and L-homolysine (hLys, referred to here as **UB; for five methy-
lene groups in the analog replacing K63) (Fig. 2b).

UBE2N/UBE2V1 activity was again measured using a
pulse-chase assay, with the acceptor now being UB and the product
a di-UB chain. Remarkably, unlike in the discharge to free amino
acids, removal or addition of only a single methylene from or onto
a canonical K63 side chain greatly reduced di-UB chain formation.
The striking preference for the native lysine persisted in reactions
accelerated by the RNF4 E3 (Fig. 2c).

Lysine geometry impacts many di-UB forming E2s and E3s.
Because acceptor UB placement for UBE2N is unique in depend-
ing on a partner (UBE2V1)*, UBE2VI’s grip may limit the ability
of the reactive amine to reposition in the active site upon addition
or removal of a methylene. We thus wondered how changes to the
lysine architecture affect other E2s that are reliant on their own sur-
faces to orient an acceptor UB. Accordingly, we assayed the activi-
ties of two K48 linkage-specific E2s, UBE2G1 and UBE2R2, towards
a *SUB,_; suite ", Significant di-UB product was only observed
with the **UB, acceptor—for the E2s alone and for UBE2R2 and
UBE2G] reactions stimulated by cullin-RING ligase E3s CRL1 or
CRLA4, respectively’”*’, and for substrate-linked acceptors (Fig. 2d).
These latter assays depended on CRL receptors recruiting specific
substrate degron motifs. The CRL1 receptor FBW7, a tumor sup-
pressor protein, recruits phosphopeptide motifs in targets including
the cell cycle regulator cyclin E*. For the CRL4 receptor CRBN, the
chemotherapeutic agent Pomalidomide induces recognition of zinc
finger motifs in neosubstrates including Ikaros family transcrip-
tion factors™ . CRL1"™7 and CRL4“**™ substrates were generated
by sortase-mediated transpeptidation of degron peptides (cyclin E
phosphopeptide and IKZF1 zinc finger, respectively) with synthetic
UBs. Only native lysine supported substantial UB-chain elongation
onto CRL-bound substrates (Fig. 2d).

To determine if the preference for native lysine is preserved for
HECT E3 ligases—where UB is transferred from E2 to the HECT
catalytic cysteine and then onto the substrate lysine—we assayed the
NEDD4 HECT domain® and a version of its yeast ortholog Rsp5p
harboring substrate-binding WW and catalytic domains™. Both
forge K63-linked chains™~*. Again, robust di-UB formation was
only observed with native lysine acceptor **UB,,,. Di-UB forma-
tion was greatly reduced with ¥3UB,, ., or ¥*UB,, including for a
substrate™ recruited to Rsp5p (Fig. 3a,c).
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methylene groups, respectively. KR represents lysine mutation to arginine. ¢, Plots showing the amount of di-UB chain produced by UBE2N/UBE2V1 with
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experiment, gels were processed in parallel.

As controls, the **UB,, ., analogs served as acceptors with
the K48-specific E2 UBE2G1, demonstrating proper folding for
the synthetic UBs harboring K63 substitutions (Extended Data
Fig. 2a). Similarly, UBE2N/UBE2V 1, NEDD4 and Rsp5p also pro-
duce nearly wild-type amounts of di-UB chains with UBs harbor-
ing lysine analogs on the non-acceptor position 48 (**UB, s,
Fig. 3b and Extended Data Fig. 2b). Moreover, proton NMR spectra
for recombinant UB (‘C, Bio’), synthetic UB (aka ‘C,’) and **UB,,
showed good dispersion and were superimposable except for a
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few resonances, presumably reflecting the overall minor impact
of sequence differences between them (Metl in C, Bio substituted
with NorLeu in synthetic UBs, and Lys48 versus the C; side chain,
Extended Data Fig. 3).

Taken together, the data show that K63- and K48-specific E2 and
E3 enzymes utilizing distinct modes of acceptor UB recruitment
display exquisite specificity for the attacking lysine architecture in
the context of an acceptor UB. Notably, E2~UB and HECT E3~UB
active sites are structurally distinct. Thus, the demand for native
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lysine acceptor geometry for chain building seems to be a general
property that could extend across many of the hundreds of E2/E3
ligation systems.

The K48 side chain impacts the multifunctional E2 UBE2D3. We
pondered whether there may be exceptions to linkage-specific ubiq-
uitylation relying on native lysine (C,) acceptors. The E2 UBE2S,
which generates K11 di-UB linkages, is an intriguing candidate, as
UBE2S relies on acceptor UB-assisted catalysis'. UBE2S displays
weak di-UB chain synthesis activity on its own due to the high K|
for the acceptor'’. This is overcome by fusing a UB-binding domain
to UBE2S, or with the anaphase-promoting complex/cyclosome
(APC/C) E3, whose RING domain recruits the acceptor UB™*.
Results from our qualitative assays suggest that UBE2S is less sen-
sitive to lysine side-chain length, as di-UB formation occurred
with K"UB, ¢ acceptors, although X'"UB,, was relatively inactive
(Extended Data Fig. 4). This is not due to an overt folding defect, as
all X"UB,, ¢, analogs are acceptors for UBE2N/UBE2V1-dependent
K63-linked di-UB formation.

We also examined the relatively promiscuous UB chain-forming
enzyme UBE2D3 (also known as UBCH5C): UBE2D3 collabo-
rates with numerous E3s, transfers UB to E3 catalytic cysteines
and substrate lysines, generates several UB chain linkages, and
forms branched UB chains in multiple turnover polyubiquity-
lation reactions™". Pulse-chase assays examining di-UB products
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of UBE2D3~UB revealed preferential targeting to K11 and K63,
according to absolute quantitation by MS (Fig. 4a). However, with
a MSUB,.; acceptor added to UBE2D3~UB, the SDS-PAGE mobili-
ties of di-UB products differed from those formed with a native UB
acceptor. Because different UB chain linkages could impact electro-
phoretic migration, the result hints at distinct products (Fig. 4b).
We developed a targeted MS strategy to quantify the distribu-
tions of UB chain linkages formed with native lysines. Although the
method does not detect chains linked to the unnatural amino acid, it
quantifies relative UB linkages to the remaining lysines in reactions
with ¥'UB,.;, ¥*UB, or **UB,.; compared to reactions with the C,
acceptor UB. With ¥'UB; or ¥**UB, acceptors, UBE2D3~UB gen-
erates di-UBs with linkage-type distributions similar to reactions
with UB,, (Fig. 4c,d and Extended Data Fig. 5). However, adding
an extra methylene group to the side chain at K48 alters the dis-
tribution of di-UB species formed. The change between preferred
acceptors could be accounted for by two observations. First, there is
arelative redistribution from K63 to K11 linkages. Second, although
the di-UBs linked via K27, K29 and K33 remain a minor proportion
of the total, utilization of these non-preferred acceptors increased
compared to UB,,. Thus, the location on UB is a determinant of the
requirement for a UB,,, by a multifunctional ubiquitylating enzyme.

Impact of side-chain architecture revealed by MD. The potential
structural effects of adding a methylene group to the acceptor side
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chain were revealed by MD simulations on native UB, or UB; at
position 11, 48 or 63. In two independent 50-ns simulations for UBs
with native lysine or C; at positions 11, 48 and 63, the overall UB
globular fold (residues 1-70) was preserved, with 1.618, 1.271, 1.209
and 1.494 A average Cat root mean square deviation (RMSD) across
the simulations, respectively. Nonetheless, the relative differences
for C,—at all three sites—include (1) an increased potential range
of distances between the a carbon and side-chain amine for C.,
with limited overlap in the distribution of relative side-chain amine
position (Fig. 5a)—this would effectively impart a greater radius
to the C, side chain when considering the backbone as the axis of
rotation; (2) an expanded number of potential rotamers from 81 to
273, with more accessed by the C; side chain in every simulation
(C,:C; rotamer ratios for residues 11, 48 and 63 of 56:82, 65:117 and
43:96, respectively); (3) different dynamics for y angles, particularly
x4, which oscillated more frequently between the three rotamer
bins for C,—this would cause more rapid fluctuation of relative
side-chain amine positions (Fig. 5b and Extended Data Fig. 6a).
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With C; at positions 48 and 63, there were also subtle but reproduc-
ible increases in fluctuations in the ¢ and y angles (Fig. 5¢,d), and
an increased number of allowable @/y combinations (C,:C; ratios
for residues 11, 48 and 63 of 185:175, 138:169 and 73:90, respec-
tively). Collectively, between the backbone and rotamer combina-
tions, we typically observed more states accessible to the C; residue,
with a noticeable increase of over 1,000 additional states at positions
48 and 63 (C.:C; ratios at positions 11, 48 and 63 of 2,942:3,016,
2,942:4,261 and 1,188:2,561, respectively).

We wished to further probe the potential effects of the C; side
chain as an acceptor in di-UB chain formation. The only struc-
turally characterized reaction is a donor UB~UBE2N/UBE2V1/
acceptor UB complex, where the acceptor UB’s K63 points towards,
but is 12.5A from, the donor UB’s carbonyl to which it becomes
linked during di-UB synthesis*. Nonetheless, we adapted an inter-
mediate of the acceptor K63 based on modeling and on constraints
from enzymology and the crystal structures of wild-type UBE2N/
UBE2V1""”. Three independent MD simulations (25ns each)
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showed the C; acceptor side chain preferentially adopting extended
conformers, and more frequently fluctuating between rotamers, as
in the simulations of UB alone. Although both C, and C; side-chain
amines maintained a similar distance to the UBE2N~UB active site
(Extended Data Fig. 6b-d), closer inspection revealed two appre-
ciable differences between the simulations: (1) lysine occupied a
favorable trajectory towards the active site for a greater proportion
of the simulations, whereas C; more frequently rotated between
rotamer bins and approached the active site from different angles
(Extended Data Fig. 6e,f); (2) there was a greater deviation in the
conformation of UBE2N’s so-called ‘active site gate loop’ (residues
115-120). Interestingly, this gate loop is important for stabilizing
noncovalent interactions between the donor UB tail and UBE2N,
configuring catalytic residues and positioning the acceptor lysine
relative to the thioester bond for catalysis'"". Distortion of the gate
loop conformation, as observed with the C; side chain, could reduce
the probability of adopting a structure favoring ligation (Extended
Data Fig. 6g,h).

Impact of UB acceptor lysine geometry on kinetic parameters.
To illuminate mechanistic roles for lysine, quantitative biochemi-
cal experiments were performed. Substantially increasing reaction
times and protein levels under steady-state conditions enabled
quantification for C; as acceptor for di-UB formation by the E2s
UBE2N/UBE2V1 (with or without RNF4 E3), UBE2R2 and by the
HECT E3 Rsp5p.

The reactions with both E2s showed similar profiles overall:
k., values were lower with C; replacements for acceptor lysines—
16-fold and 14-fold, respectively (Table 1)—consistent with the
striking results from the pulse-chase assays (Fig. 2). Although
defects in enzyme activity can manifest themselves through vari-
ous perturbations, failure to activate the acceptor lysine amine or
decreasing affinity of the acceptor UB for the E2 are quite com-
mon'*'*"". A pioneering investigation of the related modification
SUMOylation suggested that E2s catalyze ubiquitylation at least in
part through the active site complementing the acceptor lysine to

NATURE CHEMICAL BIOLOGY | VOL 17 | MARCH 2021 272-279 | www.nature.com/naturechemicalbiology

achieve pK, suppression’’. Despite being unable to estimate appar-
ent pK, for reactions with E3s due to a loss of enzyme activity at high
pH, we were able to determine apparent pK, values in the reactions
with E2s.

UBE2N/UBE2V1 activity (with a K92R mutation to decrease
auto-ubiquitylation at high pH*') was measured in the presence
of ¥ UB,, or ¥*UB, across varying pHs (Table 1 and Extended
Data Fig. 7a,b). Although caution should be taken when inter-
preting apparent pK, values, because both k_, and K, may display
pH dependencies of their own, the data fit best to a model where
a single ionizing species is responsible for the pH dependency of
k. (Extended Data Fig. 7b). Surprisingly, pK, values were simi-
lar in reactions with ¥*UB,, or ¥*UB,; (8.9 and 9.0, respectively;
Table 1). Parallel experiments with UBE2R2 showed apparent pK,
values of 6.6 and 7.3 for ¥*UB,,, and **UB,., respectively (Table 1
and Extended Data Fig. 7e). For both E2s, differences in pK, values
are insufficient to account for those between rates of di-UB forma-
tion with acceptor lysine or C; side chains in reactions at elevated
pH (nearly 100-fold for UBE2R2 at pH 9.7, Table 1). The estimated
Ky, values of ¥*UB, or **UB for UBE2N/UBE2V1 were within
two-fold, and those of **UB,,, or ¥**UB,; for UBE2R2 within four-
fold, suggesting similar affinities for lysine- and Cs-bearing acceptor
UBs and their respective E2s (Table 1 and Extended Data Fig. 7¢,f).
Thus, defective catalysis seemingly arises from other effects of the
additional methylene in the acceptor UB side chain.

An E3 may affect mechanisms underlying acceptor UB lysine
specificity. Although the RNF4 RING domain greatly impacted
UBE2N/UBE2V1-catalyzed di-UB formation (lowering the Ky; of
acceptor UB for E2 and increasing k,, by ~17-fold and 11-fold,
respectively (Table 1 and Extended Data Fig. 7d)), only modest
effects were observed for Ky, (~2.5 fold) as well as k_, (~4 fold) in
the presence of **UB;. In combination, these effects are not greater
than those observed without E3.

By contrast, kinetic experiments performed on the HECT E3
Rsp5p showed a remarkable 16-fold lower K, for the acceptor
K3UB,,, compared with **UB,.;, with only a ~2.5-fold difference in
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Table 1] k., pK,*® and K, for UB-carrying enzymes with native
versus homolysine acceptor UBs

E2/E3 uB Lys pPK™® ko (h7), Ky K
toppH (10*M) (h™")
UBE2N/V1  C,Bio K63 190 6.1
UBE2N/V1  C, K63 89 15.8 398 34
UBE2N/V1  Cs K63 9.0 0.58 284 0.21
UBE2N/ (0 K63 23 391
V1+RNF4
UBE2N/ Cs K63 58 9.3
V1+RNF4
UBE2R2 (&, K48 6.6 2.67 528 15.8
UBE2R2 Cs K48 73 0.028 1,940 11
Rsp5p Gy Ké3 21 m
Rsp5p Cs Ké3 335 0.44

Kinetic parameters for several UB-carrying enzymes, including the apparent pK, (pK,**), the rate
of di-UB formation (k...) for UBE2N/UBE2V1 and UBE2R2 at pH10.1 or 9.7, respectively (k.. th-")
top pH), and the K,, and k., of UB,, or UB. acceptors for E2 or HECT E3. Each value represents the
mean of duplicate data points (Source data).

k., (Table 1 and Extended Data Fig. 7g). Overall, the kinetic results
unveil a diverse spectrum of effects of the lysine side-chain ruler on
UB-carrying enzyme activities.

Discussion

Our data show that many different UB chain-forming enzymes are
strikingly sensitive to the lysine side chain hydrocarbon linker at
the angstrom length scale, as determined by a single methylene.
Biochemical assays show that UB, can affect Ky, k. and pK,
(Table 1). Meanwhile, MD simulations unveiled pleiotropic struc-
tural effects of C,, including additional degrees of freedom, more
side-chain flexibility and more dynamics in the backbone in UB
itself (Fig. 5). It might stand to reason that side chains that are too
short simply cannot span the distance between the acceptor UB
backbone and UB-carrying enzyme active site. However, the fact
that the UB,.; analogs impacted most tested enzymes indicates fur-
ther roles of the acceptor side chain.

For both UBE2N/UBE2V1 and UBE2R2, the mild effects on
apparent pK, and/or K, are insufficient to explain the defects in
k., observed upon acceptor lysine substitution with C, (Table 1).
The MD simulations pointed towards several possible features of
the lysine side-chain length that may be optimal for E2-catalyzed
UB chain formation. For example, for enzymes where substrate
binding and/or lysine positioning are rate-limiting, it seems that
the increased entropy afforded by an extra methylene in the accep-
tor side chain could decrease the frequency of catalytic encounter
(Fig. 5). Interestingly, this mechanism would differ from that of
another E2, UBE2W, for which a confluence of disorder between
a flexible substrate N terminus and a non-canonical E2 C terminus
guides ubiquitylation to a substrate’s N-terminal amine”. Rather
than demanding disorder, the systems tested herein appear to favor
a calibrated reach by the nucleophile that also must have restrained
degrees of freedom.

In addition to entropic effects on the side chain, the hydrocar-
bon linker length would also affect catalysis. For example, as shown
for UBE2N (without UBE2V1-RING E3 partners), computational
studies support a model where there is a precise ‘hole’ fitting the
lysine amine, and attack on the thioester carbonyl is rate-limiting™.
Our data may suggest that the acceptor UB lysine itself is optimal
not only for accessing the amine hole, but also for the chemistry
of ubiquitylation. Indeed, the MD simulations of the UB~UBE2N/

278

NATURE CHEMICAL BIOLOGY

UBE2V1/UB complex point to multiple ways the acceptor lysine
side-chain length could impact catalysis, including through an
optimal geometric approach to the active site, and through confor-
mationally toggling the active-site gate loop in the UB~E2 inter-
mediate. Moreover, in agreement with previous studies suggesting
this loop in UBE2N essentially closes around the acceptor K63 to
promote formation of the transition state”, our MD simulations
showed distortion of the active-site gate loop with the suboptimal
C, side chain. This would be consistent with UB discharge to free
side-chain amine acceptors irrespective of hydrocarbon length, and
a dramatic impact on k_, in the context of acceptor UB presented
from UBE2V1. One would also predict little impact on K}, in such a
case, although lack of an effect on Ky, may also reflect that the addi-
tional methylene does not impact acceptor UB recruitment to this
auxiliary UB-binding domain.

The impact of acceptor side-chain length on the HECT E3 Rsp5p
represents the opposite extreme. The predominant effect on Ky
implies a role of the acceptor lysine itself in productive binding to
the E3. It is possible that local interactions—awaiting elucidation
by future structural studies—dominate acceptor UB recruitment”’.
It is also possible that placement of the acceptor lysine in the active
site allosterically stabilizes the enzyme~UB conformation that binds
the acceptor™.

Although our study relied on installing side-chain chemical
variants, it seems likely that, in the cellular milieu, many natural
factors—including linkage within a chain and binding to protein
partners—could influence presentation of acceptor lysines result-
ing in specificity with E2 and E3 enzymes. Strong preferences for
the lysine side chain itself may contribute to robust ubiquitylation
sufficient to elicit proteasomal degradation, even when preferred
targeting sites are unavailable. Such features may also influence the
successes or failures of targeted protein degradation strategies that
rely on small molecules to direct proteins of therapeutic interest to
ubiquitylating enzymes™'.
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Methods
Constructs, protein expression and purification. All expression constructs
were prepared using standard molecular biology methods. Modifications
to protein amino-acid sequences were accomplished using PCR and the
Quikchange mutagenesis kit (Agilent). The human E2 constructs used in
this study are Glutathione S-transferase (GST)-Tobacco Etch Virus Protease
(TEV)-UBE2R2, GST-TEV-UBE2N, GST-TEV-UBE2N harboring a K92R
mutation, GST-TEV-UBE2D2, GST-TEV-UBE2D3, His-GST-Ps3C-UBE2V1,
UBE2G1-TEV-His and GST-TEV-UBE2S (1-196) fused with the human USP5/
IsoT (residues 173-289) domain—here called UBE2S_IsoT”". Human HECT E3
ligase NEDD4 was expressed as a GST-TEV-NEDD4 construct, and yeast HECT E3
Rsp5p containing residues 383-C (with WW-domain-binding PPPY degron motif
of the substrate Sna4p) was expressed as a GST-TEV-Rsp5p construct’’. All E2s,
both HECT E3s and His-sortase A were expressed in BL21-Gold(DE3) bacterial
cells. Proteins were purified by either GST or nickel affinity chromatography and
cleaved on beads overnight with TEV or 3C protease. Cleaved protein solutions
were then subjected to ion exchange chromatography followed by size exclusion
chromatography in 25mM HEPES pH 7.5, 150 mM NaCl and 1 mM DTT buffer.
Human SKP1-FBW7 complex, NEDDS8, APPBP1-UBA3 (the E1 to activate
NEDDS), UBE2M (a NEDDS8 E2-conjugating enzyme) and fluorescently labeled
wild-type, K11R, K48R or K63R UB were generated as previously described ™,
APC/C and CDHI were expressed and purified as previously described™. The
RING-RING fusion version of RNF4 was expressed and purified as previously
described™. Coding regions for CUL1, CUL4A (38-C), RBX1 (5-C) His-TEV-DDBI,
CRBN, GST-TEV-IKZF1 (encompassing zinc fingers 2-3 containing amino acids
141-243,,; . referred to as IKZF1 ZF 2-3)* and UBA1 were all subcloned into
pLIB vectors™. Baculoviruses for CUL1, GST-TEV-RBX1 5-C, CUL4A 38-C,
HIS-TEV-DDBI and CRBN were first prepared and isolated from Sf9 cells,
followed by CUL1 and GST-TEV-RBX1 5-C, CUL4A 38-C and GST-TEV-RBX1
5-C, HIS-TEV-DDB1 and CRBN co-infection of Hi5 cells for co-expression™ .
Proteins were purified by His or GST affinity chromatography followed by
overnight TEV cleavage. Cleaved protein solutions were then subjected to ion
exchange chromatography followed by size exclusion chromatography in 25mM
HEPES pH?7.5, 150 mM NaCl and 1 mM DTT buffer. The covalent modification
of CUL1-RBX1 (CRL1) and CUL4A-RBX1 (CRL4) with the CRL activator protein
NEDDS (termed neddylation) was performed as previously described™ . All
variants of UB used in this study were generated as previously described™.

A plasmid for the bacterial expression of K63R human UB was prepared by
using a previous construct for a GST fusion™ to wild-type human UB containing
a consecutive N-terminal TEV cleavage site (ENLYFQG) and protein kinase
A consensus sequence (RRASVG) for radiolabeling. Mutation of K63 to Arg
was accomplished by the Quikchange method, using DNA oligo sequences
5'-GATTACAACATTCAGAGGGAGTCCACCTTACATC-3’ for the forward
primer and 5'-GATGTAAGGTGGACTCCCTCTGAATGTTGTAATC-3’ for the
reverse one. The construct DNA sequence was validated by Sanger sequencing.
The plasmid was transformed into chemically competent BL21(DE3) Escherichia
coli bacteria for expression at 37 °C. Protein purification was accomplished using
standard approaches™, with the final step being gel filtration chromatography
into a buffer containing 30mM Tris, pH 8.0, 100mM NaCl, 1 mM DTT and 10%
glycerol. Purified K63R UB was concentrated to ~250 pM based on an extinction
coefficient of 1,280 M ' cm™' and flash frozen in liquid nitrogen before storage at
—80°C. K63R UB (50 or 100 uM) was radiolabeled in the presence of 5kU of cyclic
adenosine monophosphate-dependent protein kinase (New England Biolabs) and
[y**P]-adenosine triphosphate (ATP) for 1h at 30°C.

All UB-conjugating enzymes (E2s) and their associated E3s employed in this
study are listed in Supplementary Table 1.

Donor UB discharge assay (pulse-chase) to free amino acids. UBE2N (20 pM)
was loaded with 20 pM fluorescent UB K63R (UB*) in the presence of 0.3 pM
UBAL in buffer containing 50 mM Hepes, pH 7.5, 100mM NaCl, 2.5mM MgCl,,
1.5mM ATP and 0.05mgml~* BSA. Loading reactions were incubated for 0.5h
and quenched by adding EDTA to a final concentration of 30 mM. The reaction
was then initiated by adding UBE2N~UB* (0.5 pM final) to a substrate mix
containing 0.5pM UBE2V1, 0.5 M RNF4 RING domain and 35 mM amino-acid
acceptors (N,-acetyl-L-lysine, L-serine, L-Dap, Na-acetyl-L-ornithine, L-lysine,
p-lysine, Na-acetyl-L-lysine or L-homolysine). Reactions were quenched with
either non-reducing or reducing SDS-PAGE sample buffer after 0, 5, 10, 20, 30,
45, 60, 120 or 180 min, and substrates and products were separated by SDS-PAGE.
Gels were scanned on an Amersham Typhoon system (GE Healthcare) and the
intensities of all fluorescent bands were quantified using ImageQuantTL (GE
Healthcare). The E2~UB* band intensities were divided by the total fluorescent
intensity in each lane and normalized to the 0 time point. Data were plotted

in GraphPad Prism 8 (GraphPad Software) and fitted to an exponential decay
function using nonlinear regression (Fig. | and Extended Data Fig. 1). All reactions
were performed in duplicate. Source Data Fig. 1 and Source Data Extended Data
Fig. 1 contain all gels obtained from this experiment.

Transpeptidation reactions. Sortase-mediated transpeptidation was
utilized to link the C terminus of various acceptor UBs to the N terminus

of a cyclin E phosphopeptide (Nterm-GGGGLPSGLL(pT)PPQ(pS)
GKKQSSDYKDDDDK-Cterm), IKZF1 ZF 2-3 or Sna4p peptide
(Nterm-GGGGQSLVESPPPY VPENLYFQGDYKDDDDK-Cterm). UBs were
synthesized or expressed recombinantly that contained a G76S mutation followed
by the GSGSLPETGG sortase recognition sequence. Briefly, 50 uM UB was mixed
with 100 uM substrate and 10 pM His-sortase on ice in a buffer containing 50 mM
Tris, pH 8.0, 150 mM NaCl, 10mM CaCl, for 1h. Next, the reaction mixture

was exposed to nickel-agarose beads to remove His-sortase. Final products were
purified by size exclusion chromatography in 25mM HEPES pH 7.5, 150 mM
NaCl and 1 mM DTT buffer. For the UB-Snadp fusions, an additional overnight
incubation with TEV was included to remove a FLAG tag from Sna4p peptide,
followed by size exclusion chromatography.

Donor UB discharge assay (pulse-chase) to UB analogs. E2s (20 pM) were loaded
with 20 pM fluorescent donor UB (UB*) to form the E2-UB* complex in the
presence of 0.3 uM UBAL1 in a buffer containing 50 mM Hepes, pH7.5, 100 mM
NaCl, 2.5mM MgCl,, 1.5mM ATP and 0.05mgml~' BSA. Loading reactions

were quenched with EDTA (30 mM final) after a 0.5-h incubation period at room
temperature. Reactions were initiated by the addition of various UB acceptors,

and in some cases E3s (Supplementary Tables 2-4 report the final concentrations
of these reagents for all pulse-chase reactions) in a buffer containing 25mM

Hepes, pH7.5, 150 mM NaCl together with E2-UB* (~0.5 M final). All reactions
were performed at room temperature for the indicated times and quenched with
non-reducing SDS-PAGE sample buffer. Substrates and products were separated
by SDS-PAGE and scanned on an Amersham Typhoon system (GE Healthcare).
The intensities of all fluorescent bands were quantified using ImageQuantTL (GE
Healthcare). The amount of di-UB chain was calculated by first dividing the di-UB*
band intensity by the total UB* intensity in each lane of the gel. The fraction of
di-UB* product was then multiplied by the total amount of UB* (uM) used in the
reactions. All reactions were performed in duplicate.

For UBE2S, donor UB can be transferred to a lysine on the E2 surface (termed
autoubiquitination). To minimize this, E1~UB* was prepared and added to UBE2S
protein immediately before initiation of the reaction. Briefly, 10 pM UBA1 was first
loaded with 20 uM UB* at room temperature for 0.5h. E1-UB* was desalted twice,
using a Zeba desalting column, to quench loading into a buffer containing 25 mM
HEPES pH 7.5 and 150 mM NaCl. Reactions were initiated as described above by
the addition of UB acceptors and UBE2S with APC/C and its coactivator CDH1
to achieve final concentrations of ~5pM E1-UB* and 0.2 pM E2. Reactions were
processed as described above.

For reactions containing CRL1-bound substrate, the SKP1/FBW7 substrate
receptor was utilized to reconstitute the full CRL (CRL1"™7), which binds to
phosphorylated cyclin E peptide. For reactions containing CRL4-bound substrate,
the substrate adapter CRBN was utilized to reconstitute the full CRL (CRL4“™).
Here, the small molecule pomalidomide (2 pM final) facilitates complex formation
between the sortased IKZF1 ZF 2-3-UB fusion and CRL4“*™, All reactions for
CRL-bound substrates had an approximate final concentration of 0.5pM E2~UB
that had been generated in the pulse step. All CRL-dependent reactions were
processed as described above. Source Data Figs. 2 and 3 and Source Data Extended
Data Figs. 2 and 4 contain all gels obtained from this experiment.

In-gel digestion protocol for liquid chromatography-tandem mass
spectrometry. UBE2D3 pulse-chase reactions were run as described above

(see biochemical assay section). Briefly, UBE2D3 was loaded with either
fluorescently labeled UB (UB*) or GST-UB. Note that GST-tagged donor UB

was used to separate di-UB”, which is formed during the pulse reaction as a

side product, from the desired di-UB product between donor and acceptor

UBs. Chase reactions contained 1 pM RNF4 and 100 uM UB,.,, ¥'UB,,, **UB,,

or ¥*UB,. After a 15-min incubation for UB,, or 1h for UB,., reactions were
quenched with SDS-PAGE sample buffer. Reactants and products were separated
by SDS-PAGE. Gels with samples containing UBE2D3-UB* were scanned on

an Amersham Typhoon system (GE Healthcare) and used to generate the image
in Fig. 4b. Gels with samples containing UBE2D3-GST-UB were first stained

with Coommassie brilliant blue to identify and excise the desired GST-UB”-UB*
product band. After staining, the gel was subsequently destained by soaking

for several hours in 10% acetic acid, 40% methanol and 60% de-ionized water
with at least two changes of the solvent to achieve a clear background. The gel
band corresponding to GST-UB"-UB* was excised and chopped into smaller
pieces (~1x1mm). Gel pieces were washed twice with 50% 50 mM ammonium
bicarbonate, pH 8.0 (ABC)/50% EtOH and then completely dehydrated by
incubation in absolute EtOH. The gel pieces were then dried in a Speed-vac system
(Eppendorf, Concentrator plus), rehydrated in 200 ul of 1% (wt/vol) Sodium
deoxycholate (SDC) buffer (10 mM Tris-(2-carboxyethyl)phosphine (TCEP),

40 mM 2-chloroacetamide (CAA), 0.5 pg trypsin, 0.5ug LysC in 100mM Tris-HCI
pH8.5) and incubated at 37°C overnight. The next day, peptides were extracted
from gel pieces by two consecutive rounds of adding isopropanol buffer (1% 2,2,2-
trifluoroacetic acid (TFA) in isopropanol) to the samples and subsequent collection
of the liquid phase. At this step, stable isotope-labeled (SIL) analogs of chain
specific native di-Gly peptide standards were added to the samples, which
provided chromatographic orientation for the detection of endogenous (light)
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counterparts. For absolute quantification of different di-Gly peptides in UB,
samples, SIL analog spike-in amounts were adjusted to yield peptide quantification
ratios between 0.1 and 10 (20 and 2 fmol per injection for K11_GG, K48_GG,
K63_GG and K27, K29, K33, respectively).

Liquid chromatography-tandem mass spectrometry sample preparation. Stage
Tips were prepared by inserting three layers of an Styrenedivinylbenzene-reverse
phase sulfonate (SDB-RPS) matrix (Empore) into a pipette tip using an in-house
prepared syringe device as described previously™. The peptides, mixed with
isopropanol buffer, were loaded onto the StageTips. The tips were washed with
isopropanol buffer and subsequently with 2% ACN/0.2% TFA. Elution was
performed using 80% ACN/1.25% NH,OH. Eluates were collected in PCR tubes and
dried using a Speed-vac centrifuge. Peptides were resuspended in buffer

A* (2% ACN/0.2% TFA) and briefly sonicated (Branson Ultrasonics) before
LC/MS-MS analysis.

Liquid chromatography-tandem mass spectrometry measurements. Peptides
were loaded on a 50-cm reversed-phase column (75 um inner diameter, packed
in house with ReproSil-Pur C18-AQ 1.9-um resin (Dr Maisch)). The column
temperature was maintained at 60 °C using a homemade column oven. An
EASY-nLC 1200 system (Thermo Fisher Scientific) was directly coupled online
with the mass spectrometer (Q Exactive HF-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, 0.1% FA), at a
flow rate of 300 nlmin~'. Peptides were eluted with a gradient starting at 7% buffer
B (0.1% (vol/vol) FA, 80% (vol/vol) ACN) and stepwise increased to 14% in 4min
and 26% in 22 min. After each gradient, buffer B concentration was increase to
95% in 2 min and maintained at this concentration for 6 min.

The mass spectrometer was programmed to acquire in targeted scan mode
in which every full scan, with resolution of 60,000 at 200 m/z (3 X 10°ions
accumulated with a maximum injection time of 20 ms), was followed by 20
multiplexed selected ion monitoring (SIM) scans employing a multiplexing
degree of four. Light (endogenous) and heavy counterpart peptides were always
simultaneously recorded in the same scan. Each SIM scan covered a range of m/z
of 150-2,000 with resolution of 120,000 (5 X 10%ions accumulated with a maximum
injection time of 65ms, 1.4-m/z isolation window and 0.4-m/z isolation offset). The
targeted peptides with m/z values are listed in Supplementary Table 5.

Data analysis. Raw MS data were processed using Skyline, an open-source
software project”. Graphical displays of chromatographic traces were manually
inspected for proper peak picking of MS1 filtered endogenous peptides based on
co-eluting SIL peptides. All quantification was done on the precursor ion level,
based on area. Only the most abundant peak of the isotope cluster was used for
quantitation.

Bioinformatics analyses in this study were performed with Microsoft
Excel and data visualized using GraphPad Prism (GraphPad Software). The
background signal detected in the sample lacking acceptor UB was substracted
from the corresponding signals of samples containing acceptor UBs. Next, each
chain peptide was normalized to the first tryptic peptide of the N-terminally
modified UB* (M1Nle) sequence: ‘NleQIFVK’. Because this peptide was used for
normalization, K6-linked di-UB was not measured in our protocol. Finally, fold
changes of each chain peptide (relative to WT) are calculated using the equations
in the next section and shown in Fig. 4c,d and Extended Data Fig. 5a,b. All gels
used in this experiment are shown in Source Data Fig. 4.

Equations. Correction for background signal by subtraction of signal detected in
‘no acceptor’ reactions:
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Estimating pK,* values for ubiquitylation reactions. For UBE2N/UBE2V1, the
pK.* values for synthetic UBs (**UB,, or ““UB,.;) were measured by a steady-state
kinetics assay that detects isopeptide bond formation between radiolabeled donor
UB and unlabeled acceptor. First, a titration series was created using Bis-Tris
propane buffer with pH values of 5.7, 6.1, 6.5,6.9,7.3,7.7, 8.1, 8.5, 8.9,9.3,9.7 and
10.1. Stocks of Bis-Tris propane buffer, 10X reaction buffer (20mM ATP, 10 mM
DTT, 50 mM MgCl, and 500 mM NaCl), radiolabeled K63R donor UB, UBE2V1
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and UBE2N (WT or K92R) proteins were added in the above order to autoclaved
individual Eppendorf tubes. The final concentrations in the ubiquitylation reactions
were 50 mM Bis-Tris Propane, 1X reaction buffer, 0.25 M human UBAL, 5uM
radiolabeled K63R donor UB and 2pM UBE2V1/K92R UBE2N complex. Following
a 1-min incubation period, either synthetic “*UB,., or **UB,; was added to initiate
the reaction (100 pM final concentration). Reactions with **UB,,, were quenched
after 2min and 45 and reactions with synthetic **UB,; were quenched after

15 min in either non-reducing or reducing 2x SDS-PAGE buffer (100 mM Tris-HCI,
pH 6.8, 20% glycerol, 30mM EDTA, 4% SDS and 0.02% bromophenol blue). The
reaction products and substrate were resolved by SDS-PAGE on 18% Tris-glycine
polyacrylamide gels, followed by autoradiography and detection on a Typhoon

9410 Imager. Quantification of substrate and products was performed using Image
Quant (GE Healthcare). The fraction of di-UB product for each reaction was
measured by normalizing the signal for product over the total signal in the lane.
These fractions were then multiplied by the donor UB concentration and divided by
both the UBE2N/UBE2V1 complex concentration and the time of incubation. The
velocities were plotted as a function of the pH of the reaction and fit to a sigmoidal
four-parameter logistic curve with the Hill slope constrained to 1 (GraphPad Prism
software, version 8.3). Note that this model assumes that the reaction velocities are
dependent on a single ionizing species that becomes activated at high pH. A similar
procedure was followed for UBE2R2 and ¥*UB,,, or **UB,., except for the following
modifications. The final concentrations in the ubiquitylation reactions were 0.5 pM
human UBA1, 15 M radiolabeled K63R donor UB and 10 uM UBE2R2 protein.
Reactions with **UB,., were quenched after 5min and reactions with ¥*UB,., were
quenched after 60 min. The times of incubation were selected to ensure that all
reaction velocities were within the linear range and that donor UB consumption
was not sufficient to result in a lower concentration than E2. All reactions were
performed in duplicate. All gels used in this experiment are shown in Source Data
Table 1 and Source Data Extended Data Fig. 7.

Estimating the K,, for UBE2N/UBE2V1 complex. The K, values of acceptor
UBs were measured by a steady-state kinetics assay that detects isopeptide

bond formation between radiolabeled donor UB and unlabeled acceptor. A 10x
reaction buffer was prepared with 500 mM Bis-Tris propane, pH 7.3, 20 mM ATP,
10mM DTT, 50 mM MgCl, and 500 mM NaCl. First, a twofold dilution series
was established for acceptor UB proteins that had first been dialyzed into a buffer
containing 30 mM Bis-Tris propane, pH 7.3. The starting concentrations of the
dilution series were 1.4mM for bacterial **UB,,, 1.6mM for synthetic **UB, and
1.3mM **UB, (note that initiation of the reaction results in a further twofold
dilution of each acceptor UB). Next, the following reagents were added from stock
solutions to an Eppendorf tube to achieve final concentrations in each reaction
of 1x reaction buffer, 0.25pM human UBA1, 5uM K63R donor UB and 2pM
UBE2N/UBE2V1 for bacterial or synthetic UB,,, or 15uM K63R donor UB and
10 uM UBE2N/UBE2V1 for **UB,;. After a 2-min incubation period, aliquots of
the master mix were evenly disbursed to clean Eppendorf tubes. Ubiquitylation
reactions were then initiated by adding an equal volume of acceptor UB to

the Eppendorf tubes containing the master mix. Reactions were incubated for
either 15 or 30min (**UB, or **UB,;, respectively) before quenching in either
non-reducing or reducing 2x SDS-PAGE buffer containing 100 mM Tris-HCI,
pH 6.8, 20% glycerol, 30 mM EDTA, 4% SDS and 0.02% bromophenol blue. The
processing of reactions and estimation of velocities were performed as described
in the previous section. The reaction velocities were fit to the Michaelis-Menten
equation to estimate K, (GraphPad Prism software, version 8.3). Reactions
containing the RING domain of RNF4 were performed similarly with the
following changes. All reactions contained 0.5 M human UBA1, 15puM K63R
donor UB, 10pM UBE2N/UBE2V1 and 1 pM RNF4. The starting concentrations
of the dilution series were 1.3mM for UB,., and 1.25mM for K63 UB,... Reactions
were incubated for either 0.5 or 2.5min (UB, or **UB., respectively) before
quenching. The times of incubation were selected to ensure that all reaction
velocities were within the linear range and that donor UB consumption was not
sufficient to result in a lower concentration than E2. Reactions were performed in
duplicate. All gels used in this experiment are shown in Source Data Table 1.

Estimating the K,, for UBE2R2 and Rsp5p. The K, values of acceptor UBs
KIEUB,, and ¥*UB,, for UBE2R2 and Rsp5p were measured similarly to the
protocol described in the previous section with the following modifications. For
UBE2R2, a twofold dilution series was established for acceptor UB proteins that
had first been dialyzed into a buffer containing 30 mM Bis-Tris propane, pH 7.3
with starting concentrations of 8.4mM for UB,, and 12.5mM for **UB,... The
final concentrations in each reaction contained 0.5 pM human UBA1, 15 M K48R
donor UB and 10 pM UBE2R2 protein. Reactions were incubated for either 1 or
2.5min for each replicate for the UB, titration series and for either 15 or 16 min
for each replicate of the ¥*UB,, titration series before quenching. For Rsp5p, the
starting concentration of the acceptor UB dilution series was 1.6 mM for both
UB,, and **UB.. The final concentrations in each reaction contained 0.5 pM
human UBA1, 7 M K63R donor UB and 5uM UBE2D2 and Rsp5p proteins.
Reactions were incubated for either 5 or 30 min (UB,, or **UB,.., respectively)
before quenching. The times of incubation were selected to ensure that all reaction
velocities were within the linear range and that donor UB consumption
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was not sufficient to result in a lower concentration than E2 or E3. Reactions
were performed in duplicate. All gels used in this experiment are shown in Source
Data Table 1.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this Article.

Data availability

All raw gels are included in source data files. The MS proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE partner repository
with the dataset identifier PXD021286. Source data are provided with this paper.

Code availability
ROSETTA software can be downloaded from www.rosettacommons.org and is
available free to academic users.
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Mitochondria are essential organelles involved in critical biological processes such as
energy metabolism and cell survival. Their dysfunction is linked to numerous human
pathologies that often manifest in a tissue-specific manner. Thus, understanding the
differences between mitochondria in various cellular environments is crucial to
understand their functional plasticity. Our group as well as others have investigated the
mitochondrial proteome across different tissues [176-178], but a large-scale study of
matching mitochondrial proteomes and phosphoproteomes was missing.

To this end, we isolated mitochondria of 7 different mouse tissues and analyzed their
mitochondrial proteome and phosphoproteomes via LC-MS. | transformed the acquired
data into a rich resource that shows literature-known tissue-specific differences between
mitochondria, but also many interesting and novel observations such as phosphorylation
clusters on MIGA2 which can be linked to mitochondrial fusion. Thus, this resource
provides a valuable dataset for the community to test and make new hypothesis.

Furthermore, the dataset is readily available for researchers through a web application.
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Abstract

Mitochondria are essential organelles involved in critical biological processes such as energy
metabolism and cell survival. Their dysfunction is linked to numerous human pathologies that often
manifest in a tissue-specific manner. Accordingly, mitochondrial fitness depends on versatile
proteomes specialized to meet diverse tissue-specific requirements. Furthermore, increasing evidence
suggests that phosphorylation may also play an important role in regulating tissue-specific
mitochondrial functions and pathophysiology. We hypothesized that recent advances in mass
spectrometry (MS)-based proteomics would now enable in-depth measurement to quantitatively
profile mitochondrial proteomes along with their matching phosphoproteomes across tissues. We
isolated mitochondria from mouse heart, skeletal muscle, brown adipose tissue, kidney, liver, brain,
and spleen by differential centrifugation followed by separation on Percoll gradients and high-
resolution MS analysis of the proteomes and phosphoproteomes. This in-depth map substantially

quantifies known and predicted mitochondrial proteins and provides a resource of core and tissue

168



Publications

modulated mitochondrial proteins (mitophos.de). We also uncover tissue-specific repertoires of dozens
of kinases and phosphatases. Predicting kinase substrate associations for different mitochondrial
compartments indicates tissue-specific regulation at the phosphoproteome level. lllustrating the
functional value of our resource, we reproduce mitochondrial phosphorylation events on DRP1
responsible for its mitochondrial recruitment and fission initiation and describe phosphorylation

clusters on MIGA2 linked to mitochondrial fusion.
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Introduction

Mitochondria are double-membrane-bound organelles with an essential role in homeostasis of eukaryotic
cells. They are often referred to as the “powerhouse of the cell” due to their prominent function in
bioenergetics. Among many other processes, they are also involved in several biosynthetic processes such
as balancing redox systems, the regulation of metabolic by-products like reactive oxygen species (ROS)
(Spinelli and Haigis, 2018) and hold a central role in cell death (Bock and Tait, 2020). The function and
stability of mitochondria depend on their intrinsic bioenergetics regulation and finely orchestrated
interaction with the cellular microenvironment. Energy conversion via the oxidative phosphorylation
system (OXPHOS) plays an essential role in harvesting energy from ingested nutrients. Moreover, the
morphology of mitochondria within an eukaryotic cell is actively regulated by fusion and fission events
which dynamically modulate their number, size, and localization (Liesa et al., 2009). Regulation of
mitochondrial dynamics also affects the interplay of mitochondria with other cellular structures, such as
the cytoskeleton for active regulation of their localization (Moore and Holzbaur, 2018), and organelles like
the endoplasmic reticulum (ER) and lipid droplets to regulate many physiological processes such as energy
metabolism and ion buffering. The mitochondria-associated membrane (MAM), which is the contact site
of the outer mitochondrial membrane with the ER, comprises a unique set of proteins mediating this
interaction and fine-tune mitochondrial functions with the cellular microenvironment (Kwak et al., 2020;
Nunnari and Suomalainen, 2012). Dysregulation of any of these intricate processes can lead to severe
mitochondrial dysfunctions and diseases, including neurodegenerative diseases, cardiovascular disorders,
myopathies, obesity, and cancers, which can manifest in a cell type- and tissue-specific manner

(Suomalainen and Battersby, 2018).

The fitness of mitochondria depends on the production and maintenance of functional as well as versatile

proteomes specialized to carry out a variety of functions within the eukaryotic metabolism and meet
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diverse cellular and tissue-specific requirements (Kuznetsov et al., 2009). The mitochondrial proteome
includes over a thousand proteins (see below), but only a small fraction of 13 proteins are encoded on the
circular mitochondrial DNA molecule (Anderson et al., 1981). Thus, the majority of mitochondrial proteins
are encoded by the nuclear genome, synthesized outside of mitochondria and subsequently imported into
the organelle, implying that mechanisms controlling mitochondrial protein quality (e.g., correct protein
folding and import) are essential for health and integrity of mitochondria (Jadiya and Tomar, 2020).
Furthermore, investigations of mitochondrial dynamics and functional plasticity have revealed regulatory
roles for post-translational modifications (PTMs), including phosphorylation (Niemi and Pagliarini, 2021).
Studies have shown that phosphorylation of several mitochondrial proteins is involved in the regulation
of central processes such as metabolic function, for instance through phosphorylation of the Elalpha
subunit of PDH (Patel et al., 2014), mitophagy (Kolitsida et al., 2019) and fission (Cribbs and Strack, 2007;
Ducommun et al., 2015; Lewis et al., 2018; Taguchi et al., 2007; Toyama et al., 2016). Thus, deregulation
of protein phosphorylation might be an important underlying feature of mitochondrial physiology and
pathophysiology. Currently, there is a significant knowledge gap of the mitochondrial variable proteomic
composition and to what extend it is phosphorylated in a tissue-specific manner and how post-
translational regulation influences organelle function. A detailed understanding of the functional
specialization of mitochondria at the protein and phosphorylation levels is needed to elucidate the

contribution of mitochondria to health and disease.

Large-scale mass spectrometry (MS)-based quantitative proteomics studies from our and other groups
have already shed light on the proteomic composition of mitochondria of various mammalian tissues and
cell types, mostly highlighting that the majority of proteins are shared between mitochondria of different
tissues (Forner et al., 2006; Mootha et al., 2003; Pagliarini et al., 2008). The breadth and depth of such
studies has been largely driven by technological advances in the field in combination with improvements

of mitochondria isolation procedures, such as differential centrifugation (DC), DC in conjunction with
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ultracentrifugation on e.g. Percoll gradients, magnetic bead-assisted methods (MACS) (Kappler et al.,
2016) or MitoTags (Bayraktar et al., 2019). Efforts in defining the mitochondrial proteome lead to

databases like MitoCarta2.0 and IMPI (http://impi.mrc-mbu.cam.ac.uk/), both integrated in Mitominer4.0

(Smith and Robinson, 2019). A recent quantitative and high confidence proteome of human mitochondria
identified 1134 different proteins that vary over six orders in magnitude in abundance (Morgenstern et
al., 2021). Similarly, efforts have been undertaken to map the mitochondrial phosphoproteome, and
identified dozens to hundreds of phosphorylation sites on mitochondrial proteins (listed in Supplementary
Table 1). However, there has been a dramatic improvement in the technology of phosphoproteomics
workflows during the last years, leading to the routine identification and quantification of thousands of
phosphorylation sites in cell culture and in vivo systems (Bekker-Jensen et al., 2020; Humphrey et al.,
2018) which had not been available in earlier studies. Furthermore, comparisons between mitochondrial
phosphoproteomes have been difficult because only a single or a few tissues were analyzed. This
complicates the combination and comparison of data sets across studies to obtain a clear view of
mitochondrial diversity on proteome and phosphoproteome levels. Thus, a concerted effort is needed to
systematically and quantitatively profile mitochondrial proteomes together with their matching
phosphoproteomes from the same biological source. This would further help to investigate the dynamic
composition of mitochondria and help identify the tissue-specific repertoire of mitochondria-resident

kinases and phosphatases and their substrate associations.

Here we performed a systematic analysis of the mitochondrial composition at the level of proteins, major
functional entities, and phosphorylation in seven mouse tissues — brain, brown adipose tissue (BAT), heart,
kidney, liver, skeletal muscle (SKM), and spleen. Our study employs state of the art MS-based proteomics
technology to systematically map divergent composition and phosphorylation of mitochondria between
tissues and provides functionally valuable insights into their proteome and post-translational regulations.

This study contributes to our understanding of tissue-specific mitochondrial processes controlled by
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protein abundance and phosphorylation and helps to manipulate these in health and disease. Our
mitochondrial (phopho)proteomes are composed into an extensive resource and made freely accessible

via mitophos.de.
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Results

Comprehensive mitochondria proteome coverage across various mouse tissues

To advance our understanding of tissue-specific functional specializations of mitochondria at the protein
level, we set out to characterized proteomes of mitochondria collected from various mouse tissues by LC-
MS/MS analysis. To this end, we first isolated mitochondria from seven tissues — brain, brown adipose
tissue (BAT), heart, kidney, liver, skeletal muscle (SKM), spleen - from six 18-21 weeks old C57BL/6N mice
(three females and three males). Mouse tissues were homogenized with a Dounce homogenizer, and
crude mitochondria were isolated via differential centrifugation and subsequently purified on a Percoll
density gradient to obtain ultra-pure mitochondria isolates (Kuhl et al., 2017). Importantly, this procedure
was shown to efficiently exclude contaminations from other cellular compartments (Wieckowski et al.,
2009). Proteomes of these ultra-pure mitochondrial samples were acquired by a state-of-the-art
proteomics workflow (Figure 1A), allowing the robust identification and quantification (coefficient of
variation (CV) < 20%) of proteins that covered a dynamic range of more than five orders of magnitude

(Supplementary File 1).

In total, we identified over 7000 proteins of which 1620 were annotated as mitochondrial proteins using
MitoCarta3.0 (Rath et al., 2021) and the IMPI (http://impi.mrc-mbu.cam.ac.uk/) database. This essentially
covers (92%) the mitochondrial proteome by the measure of MitoCarta3.0 and even in the IMPI database,
which also includes predicted mitochondrial proteins, we still identified 62% (Figure 1B). For further
analysis, we filtered for proteins identified in more than half of the biological replicates in at least one
tissue, which resulted in 1548 mitochondrial proteins. This still represents over 90% of MitoCarta3.0 and
59% of the IMPI databases and highlights the deep and reproducible mitochondrial proteome coverage
of this study (Figure 1C). Interestingly, half of these mitochondrial proteins were identified across all

tissues while only 9% were exclusively detected in one specific tissue (Figure 1C), confirming previous
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reports on mitochondrial proteomes by us and others (Calvo and Mootha, 2010; Forner et al., 2006;
Johnson et al., 2007; Mootha et al., 2003). Of these, almost half (65 proteins) were both reproducibly
identified and not in the lowest 20% of ranked abundances (Supplementary File 2), making them clear
candidates for tissue specific mitochondrial proteins. A similar proportion of the mitochondrial proteome

was also exclusive to two or more tissues by the same criterion.

Mitochondrial enrichment efficiency can be determined by the proportion of summed signal intensity for
mitochondrial proteins in relation to all identified proteins in measured samples (Williams et al., 2018).
Applying this strategy, we determined the proportions to be very high (>95%) for liver, kidney, SKM, heart
and BAT, but lower for brain (65%) and spleen (45%) (Figure 2A). These trends are consistent with the
established literature (Fecher et al., 2019; McLaughlin et al., 2020; Roberts et al., 2021; Williams et al.,
2018) and can likely be explained by the high tissue heterogeneity of brain (Fecher et al., 2019; Menacho
and Prigione, 2020) and spleen. Indeed, spleen tissue consists of various types of immune cells (Lewis et
al., 2019), which might impede high purity enrichment of its organelles. For brain, contaminations by
synaptosomes, which themselves contain neuronal mitochondria, have frequently been observed
(Mootha et al., 2003). Yet, correlation of both mitochondrial and all identified proteins between biological
replicates yielded Pearson correlation coefficients higher than 95% in all tissues (Figure 2B and Figure 2-
figure supplement 1A). Principle component analysis (PCA) further shows that biological replicates cluster
together and underlines functional similarities between tissues such as heart and SKM as well as tissue

related diversity of mitochondria proteomes (Figure 2C and Figure 2-figure supplement 1B).
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Figure 1 Mitochondrial proteome and phosphoproteome preparation

(A) Workflow of tissue preparations for mitochondrial proteome and phosphoproteome enrichment, and LC-MS/MS analysis
(n=6). Tissues were first homogenized (* for skeletal muscle, see Methods), crude mitochondria were isolated and ultrapure
mitochondria were obtained using a Percoll gradient. Proteins were digested and prepared for phosphoproteome analysis via
TiO, enrichment or subjected to LC-MS/MS. (B) Distinct protein identification across biological replicates (n=6). Annotation of
proteins as mitochondrial is based on MitoCarta3.0 and the IMPI database. (C) Mitochondrial protein numbers after filtering
for mitochondrial proteins identified in at least 50% of biological replicates (n=6) in at least one tissue. Skeletal muscle (SKM),

brown adipose tissue (BAT). See also Figure 1 — Source Data 1.
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Figure 2 Mitochondria enriched samples show tissue-specific clustering

(A) Mitochondrial (red) and not mitochondrial (blue) proteins identified, based on the MitoCarta3.0 and IMPI database, are
ranked by their intensity for each individual tissue. Histograms on the top and right display the distribution of mitochondrial
(red) and not mitochondrial (blue) proteins along the rank and the Intensity axis, respectively. The percentage of all identified
mitochondrial (red) and not mitochondrial (blue) proteins and their summed intensities are displayed in bar graphs. (B)
Heatmap showing Pearson correlation coefficient for biological replicates (n=6) for mitochondrial proteins of all mitochondrial

enriched samples. (C) Principal component analysis of mitochondrial proteins of all acquired biological replicates (n=6). Skeletal
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Mitochondrial proteome composition reveals tissue-specific functions

To gain further insights into tissue-specific functional differences in mitochondria, we investigated
differences in the composition of mitochondrial proteomes across tissues. First, we focused on the
oxidative phosphorylation (OXPHOS) system, which is essential for production of the energy-rich
metabolite ATP and other processes like free radical generation and apoptosis (Huttemann et al., 2007).
We found that proteins of the electron transport chain (Complex | — Complex 1V) and ATP-synthase
(Complex V) displayed high abundances in heart and SKM tissues, supporting the physiological
requirement of high ATP levels in both muscular tissues to sustain processes like muscle contraction
(Ferreira et al., 2010; Ventura-Clapier et al., 2011) (Figure 3A). Conversely, levels of Complex V proteins
were substantially lower in mitochondria from BAT compared to all other measured tissues (Figure 3A),
which agrees with the specialized function of BAT in non-shivering thermogenesis (Jastroch et al., 2010;
Kajimura and Saito, 2014; Oelkrug et al., 2015). This was further supported by the high abundance of the
uncoupling protein 1 (UCP1) in our proteome measurements, the key mediator of the heat-generating

proton leak in the mitochondria of BAT (Figure 3B).

In contrast to the well described UCP1, several other members of the SLC25 family remain uncharacterized
(Ruprecht and Kunji, 2020). In our dataset, we identified a total of 47 members of the SLC25 family (Kunji
et al., 2020). We found that levels of SLC25A23 and SLC25A25, two ATP-Mg?*/P; carrier paralogues, (del
Arco and Satrustegui, 2004; Fiermonte et al., 2004), displayed high abundance in mitochondria of brain
tissue (Figure 3C and Figure 3D). Interestingly, knockout of SLC25A23 was shown to increase neuronal
vulnerability (Rueda et al., 2015), which corroborates our observation and suggests an important role of
SLC25A25 in this tissue type. We also quantified a third paralogue, SLC25A24, which showed a higher
abundance in spleen tissue. Notably, the spleen harbors a large pool of B-cells and reduced SLC25A24
levels were previously linked to B-cell malignancies (Sandhu et al., 2013) (Figure 3E). Although these three

ATP-Mg?*/P; carriers were not detected in mitochondria from heart tissue, we identified another class of

11
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ATP carriers, including SLC25A4 or SLC25A31, which both showed increased abundance in heart compared
to all other measured tissues. Such differences between mitochondrial proteome compositions are easily

retrieved from our dataset, facilitating a better understanding of mitochondrial plasticity across tissues.
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(A) Representation of the oxidative phosphorylation (OXPHOS) system including from left to right the electron transport chain
(Complex I (blue), Complex Il (violet), Complex Ill (red), Complex IV (green)) and ATP synthase (Complex V (yellow)). Radar plots
show the relative contribution of the corresponding complex across the analyzed tissues to the overall mitochondrial
composition (see methods for detailed description). (B) Normalized intensity (median of all log, transformed mitochondrial
proteins of a sample was subtracted from all log; protein intensities of that sample) of the uncoupling protein 1 (UCP1), (C)
SLC25A23, (D) SLC25A25, and (E) SLC25A24 across all analyzed tissues (black dots indicate individual identifications). Protein
abundance differences in relation to the reference tissue (BAT in B, Brain in C and D and spleen in E) were significant (p-value
<0.0001) by one-way ANOVA analysis (Figure 3 - Source Data 1). Data in this figure is based on the analysis of six replicates

(n=6) for each tissue. Skeletal muscle (SKM), brown adipose tissue (BAT). See also Figure 3 — Source Data 1.

Tissue-specific function of mitochondria-associated proteins

The identification of key proteins mediating the crosstalk of mitochondria with their cellular environment
is crucial to better understand their tissue-specific regulation and this concept has already attracted
considerable interest in recent years (Montes de Oca Balderas, 2021). Although the characterization of
local proteomes of organellar contact sites usually require special centrifugation-based isolation methods,
we anticipated that a considerable fraction of mitochondria-associated proteins would also enrich along
with mitochondria in our samples. We first performed an annotation term enrichment analysis of all
identified proteins. While we observed significant enrichment of several mitochondria related terms in all
tissues as expected, the non-mitochondrial protein pool was largely enriched for terms related to the
tissue of origin (Figure 4 — supplement 1, Figure 4 - Source Data 1). For instance, terms like ‘epoxygenase
P450 pathway’ in liver, ‘positive regulation of B cell activation’ in spleen or ‘positive regulation of

excitatory postsynaptic potential’ in brain tissue highlight tissue-specific functions.

Next, we performed a network analysis to evaluate the nature and quality of co-enriched proteins, more
specifically whether non-mitochondrial proteins identified in these samples are associating proteins with

functional roles or biological contaminations that are likely tissue-specific and high abundant. This analysis
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revealed several clusters of known mitochondrial complexes such as the Tim23 complex or processes like
the ubiquinone biosynthetic process, whose members were robustly identified in all tissues, and several
tissue-specific clusters including both mitochondrial and non-mitochondrial proteins (Figure 4). For
instance, in line with terms enriched for co-sedimenting proteins in liver tissue, we identified a cluster of
cytochrome P450 superfamily members exclusively in liver tissue (Figure 4). Intriguingly, CYP2E1 and
CYP1A2, two specific members of this family, were previously shown to be targeted to the mitochondria
(Avadhanietal., 2011; Genter et al., 2006; Robin et al., 2001), and we now find evidence of the enrichment
of many more family members in this tissue. Another identified cluster consisted of G proteins, some of
which were identified throughout all tissues and previously annotated as mitochondrial (e.g. GNB1, GNB2
and GNGS5) or shown to localize to mitochondria (GNAI2) (Beninca et al., 2014). Interestingly, like the
majority of the proteins in the G protein cluster, many G protein coupled receptors (GPCR) were
exclusively identified in brain tissue. A prominent member of these brain specific GPCRs is CNR1, which
was reported to localize to mitochondria where it plays an important role in the regulation of memory
processes through the modulation of the mitochondrial energy metabolism (Hebert-Chatelain et al.,
2016). These examples highlight the value of our dataset for uncovering novel mitochondrial and

mitochondria-associated proteins in an unbiased way.
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Figure 4 Proteome of mitochondria enriched samples displays tissue-specific complexes

Cytoscape network analysis of reproducibly (> 50% identification rate in at least one tissue, six replicates were analyzed (n=6))
identified proteins of all mitochondria enriched samples. The main network depicts mitochondrial (orange) and non-
mitochondrial (blue) proteins with at least one edge (String score >0.95). The size of individual nodes represents the number of

identifications ranging from 3 (small circle) to 42 (big circle). Subnetworks display mitochondrial (orange) and non-mitochondrial
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(blue) proteins and tissues in which they were identified (dark green — brain; yellow — spleen; light green — liver; pink — kidney;

ochre — SKM; blue — heart; orange — BAT). Skeletal muscle (SKM), brown adipose tissue (BAT). See also Figure 4 — Source Data 1.

Mitochondrial kinases and phosphatases show tissue specificity

Post-translational modification of proteins, specifically phosphorylation, plays a crucial role in the
orchestration of mitochondrial protein function (Niemi and Pagliarini, 2021). However, almost no
mitochondrial kinases with mitochondrial targeting sequences have been consistently reported and most
kinases shown to associate with mitochondria have been found on or interact with the outer membrane
(Kotrasova et al., 2021). Given our deep mitochondrial proteomes, we investigated relative abundances
of kinases and phosphatases, which are annotated as or suggested to be mitochondrial, across mouse

tissues.

Firstly, we observed clear differences in abundances of identified mitochondrial kinases and
phosphatases, including well described matrix kinases and phosphatases, between tissues (Figure 5A). For
instance, PDK1, PDK2, and PDK4 contributed preferentially to the composition of heart, SKM and BAT
mitochondria, while the PDK3 was more abundant in brain, spleen, and kidney mitochondria. These tissue-
related differences are in line with earlier reports and suggest a specialized function of PDK3, which may
originate in its insensitivity to pyruvate inhibition (Klyuyeva et al., 2019; Sadana et al., 2018). Similarly,
levels of the heterodimeric pyruvate dehydrogenase phosphatase consisting of PDP1 and PDPr were
elevated in brain, SKM, and heart compared to the remaining tissues, whereas PDP2 contributes more to
the composition of liver, kidney, and BAT mitochondria. While our study confirmed previous reports on
the differential expressions of these proteins in a tissue-specific manner (Huang et al., 1998; Huang et al.,
2003), it also provided quantitative data to assess the magnitude of these differences. Together, our
results imply a tailored regulation of kinase and phosphatase abundances across tissues to modulate the

mitochondrial phosphoproteome.
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To investigate if and how kinase and phosphatase levels translate into protein phosphorylation, we
analyzed the mitochondrial phosphoproteomes of the same samples collected from all seven tissues
(Figure 1A). This analysis resulted in the identification of 1263 phosphorylation sites on 626 mitochondrial
proteins (Figure 5B, Figure 5 - Source Data 1). After stringent filtering of the data for more than four
identifications across six biological replicates in at least one tissue and a site localization score higher than
75%, we obtained a dataset of 758 phosphorylation sites on 423 mitochondrial proteins (Figure 5C, Figure
5 - Source Data 1). Of these high confidence sites, 16% have previously not been reported in mouse
according to the PhosphoSitePlus (PSP) database (Hornbeck et al., 2012). Strikingly, in contrast to the
mitochondrial proteomes, 37% of the phosphosites identified on mitochondrial proteins were exclusive
to one tissue, and only 8% were identified in all the tissues measured (Figure 5C). This might indicate that

mitochondrial diversity is more strongly pronounced at the phosphorylation than the protein level.
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Figure 5 Tissue speceficity of mitochondrial kinases and phosphatases

(A) Z-scored protein abundances for predicted (triangle), known (star) (based on MitoCarta3.0 and IMPI database), and manually
curated (Figure 5 - Source Data 1) mitochondrial kinases (top) and phosphatases (bottom) across analyzed tissues. Skeletal muscle
(SKM), brown adipose tissue (BAT). (B) STY site identification numbers. (C) Mitochondrial STY site numbers after filtering for
mitochondrial STY sites identified in at least 5 out of 6 biological replicates in one tissue. Identification numbers for all identified
STY sites (left), STY sites common to all tissues (middle), and STY sites exclusive to one tissue (right) are shown. Data in this figure
is based on the analysis of six replicates (n=6) for each tissue. Skeletal muscle (SKM), brown adipose tissue (BAT). See also Figure

5 —Source Data 1.
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Mitochondrial phosphoproteomes exhibit extensive intra-mitochondrial phosphorylation

To understand the distribution of mitochondrial phosphoproteins across mitochondrial compartments we
examined the sub-mitochondrial localization based on the curated MitoCarta3.0 annotation.
Mitochondria are typically divided into four main compartments, i.e. mitochondrial outer membrane
(OMM), intermembrane space (IMS), inner mitochondrial membrane (IMM) and matrix, although the
complex organization of the IMM possibly may define additional compartments (Colina-Tenorio et al.,
2020). In line with the high proportion of shared mitochondrial proteomes across all tissues (Figure 1C),
the overall localization of proteins was not different between tissues and closely resembled the
distribution of all annotated mitochondrial proteins in the database (Figure 6A). However, when
performing the same analysis using the phosphorylated mitochondrial proteins, we observed a significant
shift towards a localization to the OMM in all tissues (adj. p-values <6.4 x 10°°)(Figure 6A, Figure 6 —
supplement 1). Surprisingly, our data also showed that depending on the tissue type, more than 60% of
phosphorylated mitochondrial proteins had an intra-mitochondrial annotation - IMM, IMS or matrix
localization - (Figure 6A, Figure 6 — supplement 1). Interestingly, 36-54% of OMM, but only 7-22% of intra-
mitochondrial proteins were phosphorylated. Here, especially brain (10%) and spleen (7%) tissues showed

low intramitochondrial phosphorylation rates.

This prompted us to further investigate the localization of specific kinase-substrate associations (KSA)
across sub-mitochondrial localizations using NetworKin3.0 (Horn et al., 2014). Prominently, more than
40% of the predicted KSA in the IMM were linked to the PKC kinase family (Figure 6B). Studies have already
reported the localization of PKC kinase family members to mitochondria, as well as an increased
phosphorylation of the IMM protein COX IV after PKCe activation (Baines et al., 2002; Jaburek et al., 2006;
Majumder et al., 2000; Ogbi and Johnson, 2006; Ping et al., 2002). Moreover, the MAPK group appeared
to act on proteins localized to the OMM and matrix, while the PDHK family was specifically associated

with the matrix proteins (Figure 6B). The members of the latter kinase family are known to localize to the
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mitochondria matrix (Hitosugi et al., 2011), further supporting the validity of identified KSA. However,
molecular studies are needed to investigate such KSA, whether phosphorylation of intra-mitochondrial
proteins occurs in situ or outside mitochondria before being imported into mitochondria, how and which
kinases/phosphatases translocate to or into mitochondria and whether these phosphorylation events are

functionally relevant.
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Figure 6 Localization distribution of mitochondrial phosphoproteome diverges from mitochondrial

proteome

(A) Simplified scheme of a mitochondrion with four different mitochondrial localizations — outer mitochondrial membrane
(OMM), intermembrane space (IMS), inner mitochondrial membrane (IMM), matrix — and the distribution of mitochondrial
proteins contained in and classified by the MitoCarta3.0 database. Bar graphs show the precentral distribution of mitochondrial
proteins (left), phosphoproteins (middle) and STY sites (right) across different mitochondrial localizations. (B) Predicted Kinase
substrate associations (KSA) by the NetworKin3.0 tool for selected kinase families. Data in this figure is based on the analysis of

six replicates for 7 different tissues. See also Figure 6 — Source Data 1.
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Mitochondrial phosphoproteome reveals tissue-specific modulation of fusion and fission
events

The tissue-specific phosphorylation of mitochondrial proteins suggested functional differences in
mitochondria and prompted us to investigate the influence of phosphorylation on mitochondrial
dynamics. We focused on proteins involved in mitochondrial fusion and fission, two important
counteracting events involved in organelle distribution, size balancing and maintenance of a healthy
mitochondrial network (Liu et al., 2020; Silva Ramos et al., 2019). Especially proteins involved in the fission
process are regulated by a range of protein modifications, including phosphorylation (Cribbs and Strack,

2007; Taguchi et al., 2007; van der Bliek et al., 2013).

Throughout all tissues, MIGA1 (FAM73A) and MIGA2 (FAM73B), two homologues regulating
mitochondrial fusion by functioning downstream of the mitofusins, showed different abundances (Figure
6 — supplement 2). This is especially interesting since MIGA1 and MIGA2 can form hetero and
homodimers, highlighting a different regulation of fusion in different tissues (Zhang et al., 2016).
Moreover, we identified multiple phosphorylation site clusters on MIGA2, while none were identified on
MIGA1 (Figure 6 — supplement 2). Intriguingly, similar phosphorylation clusters were identified on Miga
in Drosophila melanogaster (Xu et al., 2020). Interestingly, two phosphorylation sites on Miga, S246 and
S249, were reported to be essential for Vap33 interaction and the establishment of endoplasmic
reticulum—mitochondria contact site (ERMCS), suggesting that phosphorylation on MIGA2 has similar

functions in mammals (Xu et al., 2020).

Moreover, we observed that GTPase dynamin-related protein 1 (DRP1), a crucial player initiating
mitochondrial fission (Bleazard et al., 1999; Cereghetti et al., 2008), displayed higher abundance in brain
compared to other tissues (Figure 7A). This observation supports the importance of mitochondrial fission

in neurons, where mitochondria switch to a fragmented morphology to enter and travel through axons
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(Lewis et al., 2018). Additionally, we also found elevated levels of serine 622 phosphorylation on DRP1 in
brain tissue. This site has been shown to regulate DRP1 translocation to mitochondria (Cereghetti et al.,
2008; Cribbs and Strack, 2007; Taguchi et al., 2007), indicating that it is actively localized to mitochondria,

likely to regulate constant fission events in the brain tissue (Figure 7B).

In mammals, four DRP1 receptor proteins, that are all integral membrane proteins of the OMM, have
been reported: mitochondrial fission protein 1 (FIS1), mitochondrial fission factor (MFF), and
mitochondrial dynamics protein MiD49 (MIEF1) and MiD51 (MIEF2) (Loson et al., 2013). MFF and FIS1,
the fission promoting receptors, were robustly quantified in all tissues and displayed higher abundances
in brain and spleen compared to other tissues (Figure 7A). However, MIEF1/2, which counteract DRP1-
mediated fission (Dikov and Reichert, 2011; Liu et al., 2013), were generally too low to be robustly
quantified in the measured tissues. Additionally, we detected higher levels of MFF phosphorylation at the
serine 129 and 146 residues in brain tissue compared to all other tissues in which they were detected
(Figure 7C and 7D). Both sites are essential for the recruitment of DRP1 and initiation of fission

(Ducommun et al., 2015; Lewis et al., 2018; Toyama et al., 2016).

Elevated DRP1 levels have been shown to increase ROS levels (Watanabe et al., 2014). Intriguingly, we
identified oxidation resistance 1 (OXR1), exclusively in the mitochondria of brain tissue, where it plays an
important role in the protection of neuronal cells from oxidative stress (Volkert and Crowley, 2020). This
likely indicates a protective function of OXR1 in brain tissue as a response to the prevalent fragmented
organellar morphology induced by DRP1. In addition, we found OXR1 to be hyperphosphorylated and
three out of 12 high confidence sites were novel (Figure 7E). Tissue specificity and the lack of functional
annotation of phosphorylation sites that are identified in our study make OXR1 an exciting candidate to

be investigated in the future.
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Figure 7 Phosphoproteome reveals tissue-specific functionality for mitochondrial fission

(A) Scheme displays the reversible phosphorylation and the connected localization change to mitochondria of DRP1 (green).
Normalized intensities (median of all log, transformed mitochondrial proteins of a sample was subtracted from all log, protein
intensities of that sample) of DRP1 across all analyzed tissues (black dots indicate individual identifications) are displayed in the

upper left. Mitochondrial DRP1 receptors — FIS1 (blue), MIEF1/2 (violet), MFF (red) — and corresponding box plots are shown next
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to their receptors. (B) Normalized intensities (median of all log, transformed mitochondrial phosphopeptide of a sample was
subtracted from all log, peptide intensities of that sample) of the phosphopeptide showing $622 phosphorylation on DRP1 (black
dots indicate individual identifications). (C) Same as (B) showing $129 phosphorylation on MFF. (D) Same as (B) showing S146
phosphorylation on MFF. Significance of protein abundance differences in relation to the reference tissue (brain for DRP1 panel,
brain and spleen in FIS1 and MFF panel) were estimated (p-values <0.001, except for SKM in FIS1 panel) by one-way ANOVA
analysis (Figure 7 - Source Data 1). Significance of phosphosites abundance differences in (B) and (C, only brain and liver) were
estimated by a two-side t-test (Figure 7 - Source Data 1). Significance of MFF_S_146 abundance differences in relation to the
reference tissue (brain) were estimated (p-value<0.05) by one-way ANOVA analysis (Figure 7 - Source Data 1). Data in this figure
is based on the analysis of six replicates (n=6). Skeletal muscle (SKM), brown adipose tissue (BAT). See also Figure 7 — Source

Data 1.

Web application makes Mouse Mitochondria Atlas data readily accessible

As indicated by the above examples, this study presents a rich resource to explore the mitochondrial
proteomes and phosphoproteomes across mouse tissues. Preceding examples show the potential of this
resource for investigation of tissue-specific mitochondrial regulations on the proteome and
phosphoproteome level, ultimately permitting the generation and analysis of new hypotheses. However,

utilization of such resources largely depends on the ease of data access for exploration.

To this end, we created a web application mitophos.de offering the end user an interface to easily explore
datasets, including MitoCarta3.0 networks, abundance comparisons across tissues and sequence analysis
(Figure 8A). As an example, Figure 8 illustrates the MICOS complex, which has a central role in
mitochondria (Khosravi and Harner, 2020). In the network view one can see (I) members of the complex
as well as the phosphorylation sites identified on these proteins and (ll) in which tissues and how
reproducibly they are identified in our dataset (Figure 8B). Moreover, the user can inspect individual
abundance distributions of all identified proteins/STY sites across all measured tissues. For instance,

MINOS1, a core component of the MICOS complex (Bohnert et al., 2015), displayed high abundance in
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mitochondria isolated from heart, SKM and BAT tissues (Figure 8C). Moreover, in the sequence view the
AlphaMap tool (Voytik et al., 2021) is integrated to map all identified peptides, including phosphorylated
peptides, onto their respective protein sequence along with structural information such as topological
domains and transmembrane regions (Figure 8D) and to visualize phosphorylation sites in their 3D

structures (unpublished data) as predicted by AlphaFold (Jumper et al., 2021).

Together, this data-rich and comprehensive tool is an entry point to investigate the herein presented
resource and will assist in future efforts to functionally characterize mitochondrial proteins and their

respective phosphorylation sites.
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Figure 8 Web application readily enables easy data access

(A) Scheme of Mouse Mitochondria Atlas application features (mitophos.de). (B) MICOS complex view based on MitoCarta3.0
annotation. Large and small nodes represent proteins and class | STY sites, respectively. Edges represent on String interaction
scores >0.4 and color of nodes indicate the number of tissues in which proteins/STY sites were identified. (C) Normalized

intensities (median of all log, transformed mitochondrial proteins of a sample was subtracted from all log, protein intensities of
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that sample) for Minos1 across all analyzed tissues (black dots indicate individual identifications, box and error bar). (D) Sequence
plot of Micos1 shows structural information (based on UniProt annotations) and protein coverage based on identified peptides.
All identified STY sites are marked with a star. Data in this figure is based on the analysis of six replicates (n=6). Skeletal muscle

(SKM), brown adipose tissue (BAT).
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Discussion

Here we present a tissue-specific atlas of mouse mitochondrial proteomes and phosphoproteomes, an in-
depth resource towards a better understanding of the composition and function of this vital organelle in
a tissue-specific manner. Previous MS-based studies combining mitochondrial phosphoproteome and
proteome measurements typically focused on a single or few tissues and were generally shallower than
our study. In addition, differences in study designs such as utilization of various organisms or
mitochondria/phosphopeptide enrichment protocols, analysis pipelines, and mitochondrial protein
annotation databases, complicate the integration of such datasets to understand tissue specificity. We
now globally and precisely quantified different protein expression and phosphorylation patterns at
subcellular level across seven mouse tissues, providing a detailed view on mitochondrial diversity. The
breadth and depth of coverage achieved by the integration of tissue-specific mitochondrial proteomes
and phosphoproteomes provide unbiased insights into the mitochondrial composition and function. This
allows the generation and assessment of novel hypotheses related to mitochondrial biology, which cannot
be generated with focused studies alone. Integrated mitochondrial proteomes and phosphoproteomes

that are diverse between tissues can readily be explored at mitophos.de.

Our data revealed that the functional diversity of mitochondria is defined by protein abundance rather
than compositional differences since more than half of the mitochondrial proteome was shared by all
analyzed tissues and 90% by at least two tissues. For instance, the electron transport chain is an integral
part of the mitochondrial composition and its components are found across all tissues, however, their
abundance shows substantial differences to meet tissue-specific energy demands. Thus, dysregulation of
individual proteins can strongly affect mitochondria in one tissue, leading to severe diseases, while
mitochondria in a different tissue remain largely unaffected. Moreover, we found that 9% of the proteome

displays tissue specificity, further contributing to our understanding of tissue-specific effects of
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mitochondrial protein dysregulation (Russell et al., 2020). This is an important concept, which can now be
studied in an unbiased manner using our resource data, providing opportunities for development of
targeted treatments for mitochondrial diseases. For instance, members of the SLC25 family are linked to
metabolic diseases in distinct tissues (Palmieri and Monne, 2016) and various cancers (Rochette et al.,
2020). However, biological functions of a large repertoire of mitochondrial SLCs are still unknown. For
example, inactivation of SLC25A25 was assessed in mouse skeletal muscle tissue where it caused a
reduced metabolic efficiency (Anunciado-Koza et al., 2011). Given its high abundance in mitochondria of
brain tissue and in glioma cells (Traba et al., 2012), it will also be interesting to investigate its role in this

tissue, particularly whether SLC25A25 deficiency influences neuronal fitness.

Mitochondria are essential cellular entities that are involved in a wide variety of cellular processes
(McBride et al., 2006) through dynamic interaction and constant communication with other organelles
such as the (ER), nucleus and peroxisomes via membrane contact sites (Desai et al., 2020; Perrone et al.,
2020; Shai et al., 2018) or protein complexes, such as the ribosome (Lashkevich and Dmitriev, 2021). We
suggest that non-mitochondrial proteins identified in the samples might present signatures that could
convey important biological information regarding mitochondria-associated structures. Given the high
level of mitochondrial enrichment combined with highly reproducible LC-MS/MS measurements, such
protein signatures are unlikely to be solely based on unspecific enrichment of abundant proteins. For
example, the proteasome is robustly identified in most of the mitochondria enriched samples, which is in
line with its involvement in the degradation of misfolded mitochondrial proteins (Basch et al., 2020;
Kodron et al., 2021). We also prominently observed that several members of the cytochrome P450
superfamily are enriched in liver mitochondria, demonstrating the versatile interaction of mitochondria
with their cellular environment. Furthermore, our data identified non-mitochondrial ribosomal proteins
in all tissues, which could be explained by the local translation of nuclear-encoded mitochondrial mRNAs

(Lashkevich and Dmitriev, 2021). It was recently shown that RNA-bearing late endosomes associate with

29

196



Publications

mitochondria and ribosomes forming hotspots of local protein synthesis in axons (Cioni et al., 2019) and
that mitochondria fuel such local translation in neurons, enabling synaptic plasticity (Rangaraju et al.,

2019).

There is mounting evidence that phosphorylation of mitochondrial proteins fulfills important functions to
maintain cellular health as exemplified by the fission process in this study. Deregulation of mitochondrial
protein phosphorylation can lead to diseases such as cancer, diabetes, heart and neurological disorders.
It was recently reported that 91% of mitochondrial proteins on MitoCarta3.0 have at least one
phosphorylation site reported on the PSP database (Niemi and Pagliarini, 2021). However, this analysis
also includes proteins that do not always localize to mitochondria (Ben-Menachem et al., 2011) and
phosphorylation sites that can specifically be captured upon perturbations and stimuli. Our study revealed
that around half of the mitochondria-localized proteins were phosphorylated in tissues at steady state -
39% in brain, 15% in spleen, 29% in liver, 28% in kidney, 32% in SKM, 31% in heart and 22% in BAT. This
suggests that the mitochondrial proteome and phosphoproteome compositions are dynamically
modulated in response to environmental changes. Furthermore, we identified over 60 kinases and 10
phosphatases that either are localized to mitochondria or associate with mitochondria, providing a global
view on important modulators of mitochondrial protein phosphorylation. Mapping tissue-specific
mitochondrial kinases and phosphatases is an important step towards understanding their role in the
regulation of the mitochondrial phosphoproteome in different tissues and hence developing therapeutics
for mitochondrial diseases. For example, a mitochondrial phosphatase, phosphoglycerate mutase family
member 5 (PGAMS), has recently emerged as an important regulator of mitochondrial homeostasis.
Deletion of PGAMS has been shown to result in Parkinson's-like movement disorder in mice (Lu et al.,
2014) and T cell dysfunction in primary cells (Panda et al., 2016). While its diverse roles largely remain to
be uncovered (Liang et al., 2021), a novel PGAMS inhibitor was recently suggested as a potential

therapeutic for brain ischemic stroke (Gao et al., 2021). We observed that PGAMS displays elevated levels
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in the mitochondria isolated from brain, SKM and spleen, possibly explaining the tissue-specific
phenotypes induced by its absence and where in the body molecules targeting its phosphatase activity

would exert their effects.

The data in this study will contribute to our understanding of the tissue-specific composition and function
of mitochondria and serve as a gateway for investigation of specific questions related to mitochondrial
biology. Future biochemical and more focused investigations are needed to validate our findings and test
the hypotheses arising from our study. For instance, it is pivotal to experimentally validate kinase-
substrate associations of previously unknown phosphorylations on mitochondrial proteins and their
functional implications in the cell. Additonally, the impact of those phosphorylations on the localization
of target proteins and, more specifically, the question of wheter mitochondrial proteins are
phosphorylated before or after entering the mitochondria remain to be investigated. Accessibility, for
instance, of previously undescribed phosphorylation sites on mitochondrial proteins can be assessed using
advanced structural tools (Jumper et al., 2021) to determine if they are likely targeted by a mitochondrial
kinase or a cytoplasmic kinase before being imported (Schober et al., 2021). Moreover, future
developments towards better enrichment strategies for the isolation of mitochondria from different
tissues and advances in the MS technology will aid to further improve the depth and quality of the

mitochondrial proteomes and phosphoproteome.
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Materials and Methods

Experimental model and subject details

Six C57BL/6N mice (3male, 3 female) were housed in a 12-hours light/dark cycle in standard ventilated
cages under specific-pathogen-free conditions with constant temperature (21°C) and humidity (50 - 60%)
and fed ad libitum with a standard mouse diet. At the age of 18-21 weeks mice were sacrificed by cervical
dislocation. The study was approved by the by the Landesamt fiir Natur, Umwelt und Verbraucherschutz

Nordrhein—Westfalen, Germany, and performed in accordance with European law.

Tissue preparation and isolation of ultra-pure mitochondria

Mice were sacrificed by cervical dislocation and the 7 tissues - heart, skeletal muscle (SKM), brown adipose
tissue (BAT), spleen, kidney, liver, and brain — were rapidly removed. Heart, spleen, and kidney, tissues
were homogenized in mitochondrial isolation buffer containing 320 mM sucrose, 1 mM EDTA, and 10 mM
Tris-HCI, pH 7.4, supplemented with EDTA-free complete protease inhibitor cocktail and PhosSTOP tablets
(Roche). For isolation of mitochondria from BAT, liver, and brain the mitochondrial isolation buffer was
additionally supplemented with 0.2% bovine serum albumin (Sigma-Aldrich). Subsequently, crude
mitochondria were isolated from the homogenates by two rounds of differential centrifugation (see
Figure 1a). Isolation of crude mitochondria from SKM was performed as previously described (Frezza et
al., 2007)). Crude mitochondrial pellets from all tissues were further purified on a Percoll density gradient
as described recently (Kuhl et al., 2017). Briefly, mitochondrial pellets were washed once in 1xM buffer
(220 mM mannitol, 70mM sucrose, 5mM HEPES pH 7.4, 1 mM EGTA pH 7.4; pH was adjusted with
potassium hydroxide; supplemented with EDTA-free complete protease inhibitor cocktail and PhosSTOP
tablets (Roche)) and subsequently purified on a Percoll (GE healthcare) density gradient of 12%:19%:40%
via centrifugation in a SW41 rotor at 42, 000 g at 4°C for 30 min in a Beckman Coulter Optima L- 100 XP

ultracentrifuge using 14 mm x 89 mm Ultra-Clear Centrifuge Tubes (Beckman Instruments Inc.). Ultra-
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pure mitochondria were harvested at the interphase between 19% and 40% and washed three times with
1xM buffer. Dry mitochondrial pellets were snap-frozen in liquid nitrogen and stored at -80°C until further

use.

Mitochondrial (phospho)proteome sample preparation

Frozen ultra-pure mitochondria pellets were resuspended in lysis buffer (4%SDC, 100mM Tris/HCl, pH8.5),
boiled for 5 min at 95°C and sonicated in 30 s intervals for 15 min (Bioruptor). Protein concentration was
estimated via Tryptophan assay (Kulak et al., 2014) and was adjusted with lysis buffer to a total volume of
270 pl containing 400 pg of protein for brain, SKM, liver, heart, kidney, and 140 pg of protein for BAT
samples. Proteins were reduced and alkylated by adding 30 ul of 10x reduction/alkylation solution (100
mM Tris (2-carboxyethyl)phosphine hydrochloride (TCEP) and 400 mM 2-chloroacetamide (CAA), followed
by 5min incubation at 45°C. Subsequently, 1:100 Trypsin and LysC were added for overnight protein
digestion at 37°C. For proteome analysis 10 pl (brain, SKM, liver, heart, kidney) and 20 pl (BAT, spleen)
aliquots were taken and loaded on SDB-RPS StageTips. Peptides were washed with 200ul wash buffer
(0.2% TFA/2% ACN (vol/vol)) and then eluted with SDB-RPS elution buffer (1.25% NH,OH, 80% ACN

(vol/vol)) and dried in a SpeedVac. Dried peptides were resuspended in A* buffer (2% ACN/0.1% TFA).

The remaining samples were processed following the EasyPhos protocol for phosphopeptide enrichment
(Humphrey et al., 2018). In brief, samples were first mixed with isopropanol and EP buffer (48% TFA, 8
mM KH,PO,), followed by phosphopeptide enrichment with 5mg TiO, beads per sample (GL Sciences). For
this, samples were mixed with TiO, beads in loading buffer (6% TFA/80% ACN (vol/vol)) at a concentration
of 1 mg/ul and incubated for 5 min at 40°C by shaking at 1200rpm. Subsequently beads were washed four
times with 1 ml of wash buffer (5% TFA,60% isopropanol (vol/vol)) and phosphopeptides were eluted from
beads using 60 pl of elution buffer (40% ACN, 5% NH4OH) and concentrated in a SpeedVac for 30 min at

45°C. Samples were immediately diluted with 100 pl of SDBRPS loading buffer (99% isopropanol, 1% TFA
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(vol/vol)) and loaded on SDB-RPS StageTips. Thereafter, phosphopeptides were washed and eluted as

described above and resuspended in 6 ul A*.

LC-MS/MS

For all measurements peptides were loaded onto a 50cm, in-house packed, reversed-phase column (75um
inner diameter, 1. diameter, ReproSil-Pur C18-AQ 1.9 um resin [Dr. Maisch GmbH]) and separated with
and binary buffer system consisting of buffer A (0.1% formic acid (FA)) and buffer B (0.1% FA in 80% ACN).
The column temperature was controlled by a homemade column oven and maintained at 60°C. For
nanoflow liquid chromatography an EASY-nLC 1200 system (Thermo Fisher Scientific), directly coupled
online with a Q Exactive HF-X (Thermo Fisher Scientific) via a nano-electrospray source, was operated at
a flow rate of 300 nl/min and 350 nl/min for mitochondrial proteome and phosphoproteome

measurements, respectively.

For mitochondrial proteome measurements 500ug of peptides were loaded and separated using a
gradient starting at 5% buffer B, increasing to 30% buffer B in 80 min, 60% buffer B in 4 min and 95%
buffer B in 4 min. The MS was operated in DDA mode (Top12) with a full scan range of 300-1650 m/z and
a MS1 and MS2 resolution of 60,000 and 15,000, respectively. The automatic gain control (AGC) was set
to 3e6 and 1e5 for MS1 and MS2, while the maximum injection time was set to 20 ms and 60 ms,
respectively. Precursor ion selection width was kept at 1.4 m/z and fragmentation was achieved by higher-

energy collisional dissociation (HCD) (NCE 27%). Dynamic exclusion was enabled and set to 20 s.

For mitochondrial phosphoproteome measurements, 5 pl as loaded and separated using a gradient
starting at 3% buffer B, increasing to 19% buffer B in 40 min, 41% buffer B in 20 min and 90% buffer B in
5 min. The MS was operated in DDA mode (Top10) with a full scan range of 300-1600 and a MS1 and MS2
resolution of 60,000 and 15,000, respectively. The automatic gain control (AGC) was set to 3e6 and 1e5

for MS1 and MS2, while the maximum injection time was set to 120 ms and 60 ms, respectively. Precursor
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ion selection width was kept at 1.6 m/z and fragmentation was achieved by higher-energy collisional

dissociation (HCD) (NCE 27%). Dynamic exclusion was enabled and set to 30 s.

Raw data analysis

DDA raw data were analyzed with MaxQuant (1.6.14.0) against the mouse fasta file (downloaded 19.
October 2020) using default settings. PSM and protein dales discovery rate were controlled at 1% FDR.
The match between runs (MBR) functionality was enabled and set in a way that only biological replicates
belonging to the same tissue type were allowed to match each other. This eliminates the possibility of
potentially false MBR identification transfer between tissues. Carbamidomethyl (C) was selected as fixed
modification and Acetyl (Protein N-term) and oxidation (M) were defined as variable modifications. For
mitochondrial phosphoproteome analysis, STY site phosphorylation was additionally selected as variable

modification.

Bioinformatics analysis

Data analysis was performed using the python programing language using python (3.8.12) and the
following packages: alphamap, matplotlib (3.5.0), mygene (3.2.2), numpy (1.19.2), pandas (1.1.3),
pyteomics (4.3.3), requests (2.26.0), scipy (1.7.2), seaborn (0.11.2), sklearn (0.0), upsetplot (0.6.0). All

notebooks used for data analysis are available at GitHub (https://github.com/MannLabs). Identified

proteins were filtered for at least 3 valid values in at least one tissue. Similarly, phosphorylation sites were
filtered for at least 5 valid values in at least one tissue and a localization probability >75%. The UniProt
API was used to map ‘ACC+ID’ protein group identifiers provided by the MQ analysis to 'ENSEMBL_ID',
'P_ENTREZGENEID' and 'STRING_ID' for further analysis. 'ENSEMBL_ID' and 'P_ENTREZGENEID' identifier
were used for mitochondrial protein annotation based on the IMPI (IMPI_2020_Q3, downloaded 27.
October 2020) and MitoCarta3.0 (downloaded 1. January 2021) databases, respectively. Network analysis

and visualization were performed with the StringApp (1.6.0) in Cytoscape (3.8.2). Kinase annotations are
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based on manual annotations (Figure 6 - Source Data 1) and ‘pkinfam’ (downloaded 9. Arpil 2021).
Networkin3.0 was used for kinase substrate association (KSA) predictions, while the Networkin score was
set to 1. Gene Ontology (GO) annotations for the GOBP term enrichment analysis were retrieved from
UniProt (accessed 8. March 2021). Enrichment analysis was performed in Perseus (1.6.7.0) against the set
of identified proteins in the corresponding tissue and the results were filtered for an intersection size >10.
Missing values were only imputed for PCA and heatmap analysis. For this, a Gaussian normal distribution
with a width of 0.3 relative to the standard deviation of measured values and a downshift of 1.8 standard
deviations were used. For data normalization, intensity values were log, transformed and then filtered for
known and predicted mitochondrial proteins. The median value of these mitochondrial proteins was
subtracted from all log, transformed values. Significance testing for individual proteins and
phosphopeptides as shown in Figure 3 and Figure 7 was performed with the ordinary one-way ANOVA
method or by two-sided t-tests in GraphPad Prism (9.3.1) (Figure 3 - Source Data 1, Figure 7 - Source Data
1). Significance testing for differences in mitochondrial protein, phosphoprotein and phosphosite
localization was performed in RStudio (1.3.1093) (Figure 6 - Source Data 1). OMM proportions were used
for fitting a beta-regression model using the betareg R package with default settings (Cribari-Neto and
Zeileis, 2010; Grun et al., 2012). P-values were estimated with the Irtest function of the Imtest package
(Zeileis and Hothorn, 2015) and p-values were adjusted with the “fdr” method of the p.adjust function of

the stats base package (Benjamini and Hochberg, 1995)

Website tool

The website tool is structured into four sections. The first three ‘Pathway view’, ‘Sequence view’, and
‘Tissue comparison’ are for displaying data, while the fourth section provides explanations for each
individual section. In the ‘Pathway view’ and ‘Tissue comparison’, proteome and phosphoproteome data
filtered for at least three and 5 identifications in at least one tissue, respectively. Intensity values were

normalized as described above and used for data representation in the “Tissue comparison’ tab or z-scored
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across tissues and used for the ‘Pathway view tab’. Here, median z-score values of the six biological
replicates per tissue are displayed in the data table. The polar plot represents the median z-score of all
pathway/complex members of a given tissue. Network/complex annotations were retrieved from
MitoCarta3.0 and protein interactions are based on STRING interaction scores. These STRING interaction
scores were retrieved from STRING (17. November 2021) using the 'STRING_ID' and the STRING API. For
the ‘Sequence view’, the ‘evidence.txt’ of the MaxQuant output files was directly used as input to

annotated sequences.

The python programming language was used for data processing and visualization for the Dashboard. The
following libraries were used for data processing: numpy (1.19.2), pandas (1.19.2), re, sys, os, and
pyteomics (4.3.3). Several libraries from the HoloViz family of tools were used for data visualization and
creation of the dashboard, including panel (1.14.6), holoviews (1.14.6), bokeh (2.2.2), plotly (4.12.0), and
param (1.10.0). Network visualization was achieved with the NetworkX package (Hagberg et al., 2008).
The Alphamap tool (Voytik et al., 2021) was integrated to display linear protein sequence annotations as

well as to visualize 3D protein structures.

Resource availability

Data and code availability
Datasets generated in this study have been deposited at ProteomeXchange and are publicly available as

of the date of publication. The accession number is listed in the key resource table. (ldentifier:

PXD030062).

All original code has been deposited on GitHub (https://github.com/MannLabs) and is available as of the

date of publication.
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Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.
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Mass spectrometers are continuously being improved, producing machines with
increasing sensitivity, resolution and data acquisition speeds. An often neglected, but
crucial aspect of LC-MS setups is the high-performance liquid chromatography.
Especially the robust performance of chromatographic columns is essential for the
chromatographic separation of peptides. Commercial columns are often very expensive;
thus, many laboratories produce in-house packed columns for LC-MS. However,
packing of high-performance chromatography columns was time-intensive and required
trained personnel. In this study, Dr. Muller-Reif devised a column packing station, that
allows the multiplexed packing of high-performance chromatographic columns in
minutes compared to hours.

In this work, | helped in the conceptualization of the experimental outline and acquired

data for the evaluation of column performances.
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A New Parallel High-Pressure Packing System
Enables Rapid Multiplexed Production of

Capillary Columns

Johannes B. Miiller-Reif', Fynn M. Hansen', Lisa Schweizer', Peter V. Treit’,

Philipp E. Geyer'?, and Matthias Mann'->"

Reversed-phase HPLC is the most commonly applied
peptide-separation technique in MS-based proteomics.
Particle-packed capillary columns are predominantly used
in nanoflow HPLC systems. Despite being the broadly
applied standard for many years, capillary columns are
still expensive and suffer from short lifetimes, particularly
in combination with ultra-high-pressure chromatography
systems. For this reason, and to achieve maximum per-
formance, many laboratories produce their own in-house
packed columns. This typically requires a considerable
amount of time and trained personnel. Here, we present a
new packing system for capillary columns enabling rapid,
multiplexed column packing with pressures reaching up to
3000 bar. Requiring only a conventional gas pressure
supply and methanol as the driving fluid, our system re-
places the traditional setup of helium-pressured packing
bombs. By using 10x multiplexing, we have reduced the
production time to just under 2 min for several 50 cm
columns with 1.9-um particle size, speeding up the pro-
cess of column production 40 to 800 times. We compare
capillary columns with various inner diameters and
lengths packed under different pressure conditions with
our newly designed, broadly accessible high-pressure
packing station.

State-of-the-art MS-based proteomic pipelines typically
consist of a sample preparation workflow to digest proteins
and harvest pure peptides, an LC system for peptide sepa-
ration, a mass spectrometer, and a sophisticated bioinfor-
matics pipeline for raw data interpretation and subsequent
statistical analysis (1, 2). The LC system plays a central role by
partially separating the complex mixture of tens of thousands
of peptides in a time-resolved manner according to their
physicochemical properties, making them ultimately
manageable for the MS system over the course of a gradient
(3, 4). The most widely applied technique for high-
performance applications is reversed-phase separation, orig-
inally introduced in the 1970s (5). In essence,

chromatographic systems are made of programmable pumps
with the ability to form a gradient of a mixture of different
agents. In the case of reversed-phase LC, the stationary
phase is nonpolar, separating analytes by hydrophobicity over
the course of a gradient of an increasing nonpolar mobile
phase. The LC system is coupled to the mass spectrometer by
electrospray (ES) ionization via an emitter (6). Glass or steel
needles are commonly connected to the column. Particle-
packed capillaries for chromatography can also be used for
ES without being coupled to an additional emitter (7-9). These
basic attributes are shared by most LC-MS systems, and
differences are mainly defined by operational flow. Nanoflow
LC operates at flow rates of several hundred nanoliters per
minute and is the standard in proteomics because of the high
sensitivity obtainable.

High flow rates in the ul to ml range, applied to columns with
large inner diameters (IDs), are typically used in high-
throughput or industrial-scale analysis and analytical MS
application areas. Although these microflow and analytical-
flow systems limit sensitivity, recent work has demonstrated
robust and reproducible performance (10, 11). Reproducibility
and stability of those systems are high, but drawbacks are
lowered sensitivity and a need for high sample amounts.
Compared with developments in sample preparation, MS
instrumentation, scan modes, and software, the LC apparatus
has been largely unchanged in cutting-edge MS-based pro-
teomics. Although identifications in proteomics experiments
have doubled in single-shot experiments, this can mainly be
traced to improvement on the MS instrumentation and soft-
ware (12-17). Current trends in LC developments aim rather
toward systems for higher throughput and increasing robust-
ness required for clinical applications (18), whereas the race
for better separation in single-shot high performance runs with
increasingly higher pump pressures has been comparatively
abandoned. Consequently, a typically used setup for
maximum sensitivity and performance for most experiments
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still consists of columns around 75-pum ID with a length of 20
to 50 cm, packed with sub-2-um particles. Although, better
performance could be reached by longer columns or smaller
particles, both conditions would result in higher operational
pressures that tend to make the LC systems unstable (4, 19).
For example, very high pressures can lead to leaks in the LC
flow paths, resulting in poor reproducibility and subsequently
a loss of measurement time.

Commercially available capillary columns in the aforemen-
tioned dimensions are expensive, especially considering how
frequently they must be replaced (e.g., in our laboratories, a 50
cm column with 75-pm ID has an average turnaround time
from 10 to 14 days). Therefore, many high-throughput labo-
ratories produce packed capillaries in-house. Empty glass
capillaries, ready to be packed and used, can be either pur-
chased or produced from cheap polyimide-coated capillaries
using a laser puller. Typically, a gas pressure system is
deployed to pack such columns with particles in the low pm
range, and instructions on the manufacturing process can be
found online with open access (https://proteomicsresource.
washington.edu/docs/protocols05/Packing_Capillary_Columns.
pdf). However, this process is inherently slow, and interesting
methods have recently been established with the aim of
speeding up the packing process with high pressure (20) or
dense bead slurry, as in the FlashPack method (21).

Combining these principles, we here present a high-
pressure packing system for capillary columns using a
high-concentration bead slurry that has previously been
described as beneficial for column performance (22). These
high slurry concentrations and packing pressures of 1000 to
2000 bar allow us to achieve packing times for 50 cm col-
umns in the minute range with our system, compared with
hours for traditional procedures. Deploying a manifold sys-
tem and a pump capable of high flow rates further multi-
plexes packing to up to ten columns simultaneously and
makes column production 40 to 800 times more time effi-
cient than in previous systems. We observe consistently
good column performance for packing pressures at over
1000 bar with no adverse effects on the column back-
pressure and lifetime, while packing times continued to
decrease at higher pressures. We provide a detailed blue-
print of the system so it can readily be set up in interested
laboratories (supplemental Table S1).

EXPERIMENTAL PROCEDURES
Preparation of Fused Silica

Fused silica from Polymicro (TSP075365 for 75-um ID, TSP100365
for 100-um ID, or TSP150365 for 150-um ID) was cut to 140 cm.
Polyimide coating was removed by a Bunsen burner and the silica
surface was polished with an ethanol-soaked tissue in the middle of
the cut capillary at a width of 2 cm. An ES emitter tip was pulled with a
laser puller (Sutter P2000) at the polished part of the capillary resulting
in two empty capillary columns ready to be packed.

Sample Preparation: Protein Digestion and in-StageTip
Purification

Hela cells were cultured in high-glucose Dulbecco's modified Ea-
gle's medium with 10% fetal bovine serum and 1% penicillin/strep-
tomycin (all from Life Technologies, Inc). Cells were counted using a
countess cell counter (Invitrogen), and aliquots of 1 x 10° cells were
washed twice with PBS (Life Technologies, Inc), snap-frozen, and
stored at -80 °C. Sample preparation was carried out with the
PreOmics iST kit (www.preomics.de). We used one Hela pellet with
one million cells per cartridge, determined the peptide concentration
after peptide cleanup via NanoDrop, and adjusted the peptide con-
centration to 0.2 mg/ml.

Ultra-High-Pressure LC and MS

Samples were measured using LC-MS instrumentation consisting
of an EASY-nLC 1200 ultra-high-pressure system (Thermo Fisher
Scientific), coupled to an Orbitrap Exploris 480 instrument (Thermo
Fisher Scientific) using a nano-ES ion source (Thermo Fisher Scien-
tific). Purified peptides were separated on high-pressure packed col-
umns as described in the Results and Discussion section. For each
LC-MS/MS analysis with 75-pm ID columns, 500 ng peptides were
used. For 100-um ID columns, 888 ng peptides were used, and for
150-pm ID columns, 2000 ng peptides were used to adjust for the
higher column volume. Peptides were loaded in buffer A* (2%
acetonitrile (v/v), 0.1% trifluoroacetic acid (v/v)) and eluted with a linear
105 min gradient of 5 to 30% of buffer B (0.1% formic acid, 80% (v/v)
acetonitrile), followed by a 10 min increase to 95% of buffer Band a 5
min wash of 95% buffer B. For the 75-um ID columns, the flow rate
was 300 nl/min, 535 nl/min for 100-um ID columns, and 1200 nl/min
for 150-pum ID columns to adjust for linear flow velocity. The column
temperature was kept at 60 °C by an in-house developed oven con-
taining a Peltier element, and parameters were monitored in real time
by the SprayQC software. MS data were acquired with a Top15 data-
dependent MS/MS scan method. MS1 automatic gain control target
was set to 300% in the 300 to 1650 m/z range with a maximum in-
jection time of 25 ms and a resolution of 60,000 at m/z 200. Frag-
mentation of precursor ions was performed by higher-energy C-trap
dissociation with a normalized collision energy of 30 eV. MS/MS scans
were performed at a resolution of 15,000 at m/z 200 with an automatic
gain control target of 100% and a maximum injection time of 28 ms.
Dynamic exclusion was set to 30 s to avoid repeated sequencing of
identical peptides.

Each column was equilibrated with two 120 min HelLa runs before
the representative run for column cross-comparison.

Data Analysis

MS raw files were analyzed by MaxQuant software, version
1.6.11.0, and peptide lists were searched against the human Uni-
Prot FASTA database (release 2019_01, 188441 entries). A
contaminant database generated by the Andromeda search engine
was configured with cysteine carbamidomethylation as a fixed
modification and N-terminal acetylation and methionine oxidation
as variable modifications. We set the false discovery rate to 0.01 for
protein and peptide levels with a minimum length of seven amino
acids for peptides, and the false discovery rate was determined by
searching a reverse database. Enzyme specificity was set as C-
terminal to arginine and lysine as expected using trypsin and LysC
as proteases. A maximum of two missed cleavages were allowed.
Peptide identification was performed with an initial precursor mass
deviation up to 7 ppm and a fragment mass deviation of 20 ppm. All
proteins and peptides matching to the reversed database were
filtered out.
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Bioinformatics Analysis

Bioinformatics analyses were performed in Python (version 3.6.4.)
using NumPy (1.19.2), Pandas (1.1.4), Matplotlib (3.3.2), Seaborn
(0.11.0), and SciPy (1.5.2) packages.

Experimental Design and Statistical Rationale

The overall experimental design was focused on making different
capillary columns for proteomics experiments as comparable as
possible. To achieve this, statistical analysis was performed from
triplicate experiments for the packing time and pressure performance
experiments. Experimental conditions for column cross-comparisons
were chosen to eliminate outer influences, including measurements
on similar LC and MS systems and equilibration procedures.

RESULTS AND DISCUSSION

A High-Pressure Packing Chamber for High-Density Bead
Slurries

A central challenge of nano-flow chromatography in prote-
omics laboratories is the constant demand for new capillary
columns. Owing to their costs, commercial columns cannot be
treated as a disposable item. However, in our hands, we
frequently observe peak performance only for a short life span
for ultra-high-performance applications. Therefore, to reach
the needed quantity and cost requirements, we and many
other laboratories produce own capillary columns. However,
the throughput of production is limited, especially for columns
with a small ID and extended length such as the 50 cm 75-um
ID columns used in most applications in our laboratories. We
produce pulled or fritted capillaries and pack them with solid
phase material, typically sub-2-pm C18 beads. A skilled per-
son can pull hundreds of empty columns within a day, and
fritted columns are also easy to produce. However, the
packing process is inherently low-throughput and error-prone,
which makes high-performance columns prized items in MS
laboratories. In particular, the use of longer column lengths is
—in our experience— a precondition for ultra-high-
performance.

We hypothesized that high-throughput packing of capillary
columns could be achieved by highly concentrated bead
slurries (21) in combination with very-high-pressure packing
(>1000 bar) (20). However, an increased packing pressure and
bead slurry concentration can lead to column blocking,
slowing down and eventually halting the packing procedure.
Chloroform as a bead solvent was reported as an approach to
avoid this issue because it can solvate higher bead concen-
trations. However, in combination with our bead particles, we
observed poor chromatographic performance during proteo-
mic experiments. Instead, we combined elevated packing
pressure with the FlashPack system (21), which prohibited
bead aggregation at the column entrance via stirring.

To test our concept, we constructed a custom-made
chamber for high-pressure packing, where the pressure de-
rives from a conventional HPLC system (EASY-LC 1000 in our
case). The device consists of a central chamber, containing

the bead slurry and magnetic stirring bar, and has three
openings. A large-bore access allows filling the chamber with
the bead slurry, a microbore fitting holds the capillary entrance
into the chamber, and a nanoviper connection is used as an
inlet for the pressure from the HPLC system (supplemental
Fig. S1). The slurry applied to pack columns in this system
can be highly concentrated. To prepare the slurry, we mixed
about 100-pl of bead particles with 500-ul of methanol. After
brief vortexing and 1 minute of sonication in a sonication bath,
we let the slurry settle for 5 min, whereupon we loaded 200-pl
of slurry into the chamber with a 500-pl Hamilton pipette. The
prototype packing chamber enabled us to fill single capillaries
within minutes using the HPLC high-pressure pumps
(950 bar). However, this system was not suited for high-
throughput column production, and moreover, the low pump
volume of the HPLC system resulted in noncontinuous
packing as the pump had to be refilled several times until a
column was filled with beads.

Encouraged by aspects of our newly devised packing sys-
tem, we set out to further streamline column production. We
replaced the small-volume HPLC pump with a Maximator HD-
pump (Experimental Procedures). This high-flow continuous
system converts driving gas from a standard laboratory gas
supply line at a pressure ratio of 1:660 to a fluid outlet with a
maximal pressure rating of 4000 bar and maximal flow ca-
pacity of 140 ml/min (Fig. 1). To use the FlashPack principle,
we used methanol as the packing medium, which settles C18
beads at the chamber bottom (supplemental Fig. S2). The high
flow capacity allowed us to implement multiple pump outlets
for multiplex packing of up to ten columns with our station. We
redesigned the original packing chamber to fit high-pressure
connections (supplemental Fig. S3). For optimal stirring, we
further created a rack system with magnets mounted on
electric motors via 3D printed components to fit directly un-
derneath the packing stations (detailed in Experimental
Procedures and supplemental Fig. S4). Moreover, we con-
nected a high-pressure range manometer to monitor packing
pressure and added a pressure relief valve for efficient and
controlled depressurization of the system, a notoriously time-
consuming process. Although the system is typically running
at 1500 bar in our laboratory, the relief of pressure takes only
60 s, without flowback from the running beads from the
capillary. In addition, the system is secured from capacity
exceeding driving gas pressure by a control valve, which
prevents the pump to be exposed to a higher input than 6 bar.
As with conventional packing systems, the weakest connec-
tion is the sealing of the capillary to the high-pressure
chamber. We used a standard polyether-ether-ketone ferrule
used in HPLC applications in combination with a newly
designed, reinforced polyether-ether-ketone screw cap
(supplemental Fig. S3D) to pin the column under very high
pressure. Nevertheless, if the system pressure exceeds the
durability of the material, the column is ejected. Owing to the
low compression capabilities of methanol, this is dangerous if
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Packing chamber

PEEK ferrule

High-pressure tight
chamber access

Pressure release
valve

Manometer

PEEK screw cap
/

High-pressure
tight driving
fluid inlet

Packing medium
Methanol

Driving gas inlet
up to 6 bar air pressure
inlet pressure regulates the pump driving force

pressure ratio: 1:660
flow capacity 140 ml/min
max pressure 4000 bar/ 58000 psi

High-pressure connections
commercially available and certificated up to 4000 bar

Stirring system
d on electric motors

Power supply

in parallel connection

Fic. 1. High-pressure packing station. The scheme of the high-pressure packing station with detailed description of the crucial parts. The
high-pressure pump is powered by a driving gas inlet and increases the pressure of a packing medium that is provided in a large volume flask by
660-fold. The compressed packing medium is channeled to ten packing chambers and placed on top of a magnetic stirring rack. A manometer is
installed to monitor the system pressure and a pressure-release valve to facilitate time-efficient system depressurization. The inset depicts a
packing chamber in detail, including high-pressure fittings, a stirring bar, and a capillary column.

one has body parts directly above the fitting when a rupture
occurs and hence this must be prevented. Compared with
gas, which can compress much more than liquid, no explosion
risk should arise from our new packing station. To pass health
and safety standards, we set up the packing system in a
chemical hood with air circulation to pump off any methanol or
bead particle aerosols and minimize the possibility for physical
contact.

Ultra-Fast Column Packing

The time required to fill a capillary column with beads de-
pends on two variables, the bead concentration of the packing
slurry and the flow rate through the capillary. Empty capillaries
with a pulled ES emitter have high flow rates in the pl/min

range even for conventional gas-based packing bombs with
lower pressure (<100 bar). However, as the bead bed grows,
the flow rate through the column decreases drastically. Hence,
the high-density bead slurry of FlashPack enables short
packing times especially for shorter columns (21). We antici-
pated that combining this principle with the potentially high
flow rates of our extremely high-pressure system would
significantly reduce packing times.

To quantify the production throughput of our system, we
consecutively packed 50-cm capillaries with 75-um ID at
different pressures (1000-2500 bar) and measured the time
required. With a freshly filled bead reservoir, packing at the
lowest tested pressure took on average 4.7 min. Increasing
pressure to 2000 bar results in packing times just over a
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Fic. 2. Comparison of packing times. A, packing times of single columns as described in previous efforts and for different packing pressures
(data collected in triplicates, displayed with SD) with a detailed view of the tested pressure conditions (B). C, production time for ten columns
considering multiplexing (2x multiplexing for the system of Kovalchuk et al. and 10x for the system presented here) (20, 21). D, times of a
packing cycle of 10 x 5 columns, taking a total of 100 min with filling of the reservoir and changing of capillaries between the actual packing

steps.

minute. Even higher pressure did not result in faster packing.
Overall, our system decreased the time for making a single
column 10- to 100-fold compared with previous packing
procedures (20, 21) (Fig. 2, A and B). Of note, the total
production throughput is even higher due to multiplex
packing and the option to quickly exchange capillaries and
bead slurries. This results in a speed-up factor of 40 to 800
(Fig. 2, C). Once filled with bead slurry and mounted on the
high-pressure system, the packing chambers can be used to
pack several columns consecutively. This merely requires
depressurizing the system via the pressure relief valve and
exchanging the filled columns with empty capillaries.
Consecutive packing of several columns from the same
reservoir will decrease the packing speed because of the
removal of beads from the reservoir. To fully restore packing
speed, the bead chamber has to be opened and refilled,
which takes about 10 min for all ten chambers together.
Typically, we refilled the reservoir after five capillary ex-
changes. The average turn-around cycle for producing ten
columns is thus 20 min, allowing the production of hundreds
of columns in a working day (Fig. 2, D). An additional
advantage of the high-throughput system is that it allows us
to discard improperly packed columns, which occur in
approximately 10% of cases.

The high-pressure system faces the same two main
challenges as usual packing stations, which are particle
clogging within the capillary and bead aggregation at the
column entrance. Particle clogging can only be avoided by
clean working conditions. This means dust-free storage and
clean cutting of fused silica and the use of filtered fluids and
dust-free particles for bead slurry preparation. Bead ag-
gregation from dense slurry can be circumvented by opti-
mized stirring conditions according to the FlashPack
principle (21).

Influence of Packing Pressure on Column Performance

To evaluate the effect of packing pressure on column per-
formance on realistic samples, we analyzed three of our lab-
oratory standard Hela digests on each column. Across all
packing conditions, we observed no significant variation in the
number of identified peptides and protein groups (Fig. 3, A/B).
Moreover, the median peak widths of identified peptides were
comparable for all conditions (Fig. 3, C). Correlation between
the noncorrected retention times of peptides analyzed using
columns produced at varying pressures was remarkably high
(Pearson correlation coefficient >0.996) and not significantly
altered from replicates packed with similar pressure condi-
tions (Fig. 3, D).

Another factor often used to characterize column perfor-
mance is the tailing factor that can be calculated as depicted
in Figure 3, E (23). Usually, the peak width at 5% peak height is
used for peak width calculation but in proteomics experiments
where tens of thousands of peaks are investigated, the base-
to-base peak width is typically calculated, although full width
at half maximum is also often given. We decided to calculate
the peak tailing at baseline as a metric. In general, the distri-
bution of peak shapes was wider than what would be ex-
pected from an analysis run of few analytes, but the median
typically centered around the optimum of 1. The median of the
peak tailing at baseline was below 1.0 for the lower and shifts
above 1.0 for higher packing pressures up to a median of 1.2
(Fig. 3, F). In the literature, tailing factors in the range between
1 and 1.2 are often described (24). The shift towards this range
with the higher packing pressures could result from denser
compressed bead beds. As described above, the general
performance was not altered for the proteomics metrics,
which leads us to the conclusion that the minor change in
peak tailing at baseline with higher packing pressures is not
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Fic. 3. Comparison of capillary columns packed at different pressures. A, numbers of identified peptides of triplicate measurements of
500 ng Hel.a digests on columns filled at the indicated packing pressures. Peptides were separated on 50 cm and 75-um ID columns packed
with 1.9-um Reprosil AQ Beads (Dr Maisch) with a 2 h gradient. B, numbers of identified protein groups of the same conditions as in panel A.
Error bars indicate the standard deviation from triplicate measurements. C, median peak widths at baseline of identified peptides. D, distribution
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changing the LC-MS performance. This manifests in an only
slightly altered distribution of peak widths between repre-
sentative experiments of columns packed at different pres-
sures (Fig. 3, G). From the correlation of peptide retention
times, it is visible that for all representative comparisons, the
peptides elute in a narrow and reproducible time window that
is not influenced by the applied packing pressure. This
retention time stability is accompanied by similar separation
properties of the different columns, which can be visualized
directly by the peak width at baseline of analyzed molecules.
Figure 3, G shows bulk analysis of all identified peptides with
nearly overlapping peak width at baseline distributions,
whereas the minor differences do not constitute a significant
trend toward a better performance for lower or higher packing
pressures of capillary columns. We did not observe a signifi-
cant change in column backpressure from the different
packing conditions. Based on these results, it seems that the
packing pressure has no or only minimal effect on the column
performance.

LC-MS Performance of Columns With Different Lengths
and IDs

The length and ID of capillary columns allow their adaptation
to a plethora of sample materials and LC systems, specifically
regarding separation power and backpressure. In MS-based
proteomics, 75-um ID columns in combination with flow
rates in the range of 200 to 400 nl per minute are typical.
Hence, we packed such capillary columns with different
lengths (20, 30, 50 cm) with our high-pressure system and
compared their performance. Packing time for the shorter
columns was even faster and in the range of 30 s. The longest
columns produced the smallest peak widths and subse-
quently resulted in the highest numbers of identified peptides
and proteins (Fig. 4, A and B). Interestingly, the distribution of
peptide intensities did not change significantly, and the peak
tailing at baseline also remained unaffected (Fig. 4, C and D).

Over the last years, the demand for high-throughput anal-
ysis has become apparent for the analysis of clinical samples,
especially blood plasma as we have described before (25).
This has been addressed by a novel HPLC principle with
preformed gradients and slightly higher flow rates (18) and by
higher-flow systems operating in the high microliter per minute
range (10, 26). As these strategies require columns with a
higher ID to maintain acceptable pressure during analysis, we
produced columns with 75-pm, 100-pm, and 150-pm ID and
tested their performance.

When comparing column IDs, the experimental setup has to
be adapted to the conditions. To enable direct comparison of

capillaries between different IDs, we scaled the flow rates to
reach the same linear velocities and the amount of input
material to the column volume (Experimental Procedures). For
the 100-um ID columns, this results in a flow rate of 535 nl/min
and 888 ng of peptides for loading, whereas for the 150-um ID
column, 1200 nl/min and 2 pg of peptide material was loaded
to be comparable to the 300 nl/min and 500 ng used for the
75-pm ID columns. This requirement of higher sample amount
already limits the applicability of larger column diameters for
samples with limited accessibility. The 1400 pl of pump vol-
ume from the Easy-LC 1200 used for the experiment was
sufficient to run a 2 h gradient with the 150-pm ID column, but
longer gradients or higher flow rates would exceed the ca-
pabilities of the LC system and require lower flow rates. The
higher column IDs led to slightly broader peak widths, but
peptide and protein identifications were not affected. Owing to
the correction of the sample input amount, we did not see a
difference in the peptide intensity distributions, and the peak
tailing at baseline was also not affected by the column ID
(Fig. 4, E-H).

CONCLUSION

Here, we aimed to increase the throughput and to
streamline the production of capillary columns for MS-
based proteomics. We provide a detailed list for the com-
mercial parts and blueprints describing the construction of
our high-pressure packing station. The setup can be built at
relatively low costs (<$10,000), compared with the cumu-
lative expenses for high-performing commercial columns.
We designed this new station to fill multiple columns
simultaneously within a few minutes, which accelerates the
packing process of capillary columns more than a 100-fold
compared with traditional gas pressure-driven stations. In
this way, we hope our system helps researchers by
streamlining the often work-intensive and fragile column
production process. In addition, the extreme high pressures
enable the packing of long, high-performing columns
(>50 cm). The ability to produce high-performing columns
at high-throughput allows for the possibility of only using
capillary columns at the peak of their performance,
replacing them as soon as peak broadening or decreased
ionization is observed. Reassuring in terms of robustness of
the packing process itself and the stability achieved at
exceedingly high pressures, we have not observed variation
in the performance characteristics over a wide range of
packing pressure from 1000 to 3000 bar. We hope the
technology described here will enable laboratories of any

of Pearson correlation coefficients calculated on peptide retention times between columns packed at the same pressure and columns packed at
different pressures (p-value of unpaired t-test for difference: 0.6). E, visualization of the tailing factor calculation, this is typically done at 5% peak
height. F, Peak tailing at baseline for all identified peptides from runs with 75-um ID columns and different packing pressures. G, correlation of
peptide retention times across packing conditions. The density of peptides is color-coded. The histograms show the peak widths at baseline

distribution of five representative runs. ID, inner diameter.

SASBMB

Mol Cell Proteomics (2021) 20 100082 7

222



Publications

Multiplexed High-Pressure Column Packing

Column length comparison

2.00
€175 40000
E 150
2 +» 30000
Z 125 3
o =
3 1.00 gzoooo
%
£ 075
£ 10000
S 050
% 0 0
802 SEE GEF
000 RR8R% 288
< < <
&° 57 o
Column ID comparison
2,00 |
175 | 40 000
E
® 150 +» 30000
=125 3
] 2
8 100 § 20000
®
£ 075 10000
©
3 050
x 0 0
@) 023 coo poo
0.00 K83 L8R
Q L L
0 & Ky

6000

4000

2000

g

g

g

08
s 50 cm 2,00
0.7 30cm
8 e 20cm o175 - 4—
3 £
2 £
g %LSO
c
g 2125 _— . ol
& 2100
s
2075
o
8050
025 b ———
6 7 8 9 10 1 PO
intensity (log10)
08 751D 2.00
a 0.7 100 1D o175
2 o6 mm 150D £
g - 2 1.50
3
il 125
o Zo4 >
a o™ £1.00f
- Zo7s
02 N
2050 |
0.1
osb——
0.0 Q Q Q
A N N
6 7 8 9 10 1 £ S )

intensity (log10)
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size to mass-produce high-performance long capillary
columns.
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MS-based search engines allow the routine identification of different PTMs across a
wide variety of data acquisition schemes leading to vast sets of identified modification
sites. The manual curation of such sites is time consuming and in practice often limited
to only a subset of identified sites. In addition, the visualization of modification sites on
proteins is not easy, making the interpretation of the spatial distribution of modification
sites on proteins cumbersome. In this work, Eugenia Voytik and Dr. Isabel Bludau of the
Mann group set out to devise a software tool that allows the generic annotation of
identified modification sites and their localization on the corresponding protein
sequence. This tool bridges a long-standing gap between large scale data identification
and the previously cumbersome manual data interpretation and provides a great access
point to explore PTM-related experiments.

Based on my expertise in the experimental work with PTMs, | helped with the
conceptualization of the AlphaMap tool providing valuable feedback from the user point

of view. Furthermore, | was involved in the rigorous testing of the tool.
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Abstract

Summary: Integrating experimental information across proteomic datasets with the wealth of publicly available se-
qguence annotations is a crucial part in many proteomic studies that currently lacks an automated analysis platform.
Here, we present AlphaMap, a Python package that facilitates the visual exploration of peptide-level proteomics data.
Identified peptides and post-translational modifications in proteomic datasets are mapped to their corresponding pro-
tein sequence and visualized together with prior knowledge from UniProt and with expected proteolytic cleavage sites.
The functionality of AlphaMap can be accessed via an intuitive graphical user interface or—more flexibly—as a Python
package that allows its integration into common analysis workflows for data visualization. AlphaMap produces
publication-quality illustrations and can easily be customized to address a given research question.

Availability and implementation: AlphaMap is implemented in Python and released under an Apache license. The

source code and one-click installers are freely available at https://github.com/MannLabs/alphamap.

Contact: mmann@biochem.mpg.de

Supplementary information: Supplementary data are available at Bioinformatics online.

1 Introduction

Bottom-up mass spectrometry (MS) has become the leading technol-
ogy for identifying and quantifying proteomes (Aebersold and
Mann, 2003, 2016; Miiller et al., 2020). Since peptides rather than
intact proteins are measured, visualizing identified peptides and
post-translational modifications (PTMs) together with known pro-
tein sequence information is an important aspect of downstream MS
data exploration. However, the ability to easily integrate and visual-
ize experimental data together with already known sequence annota-
tions is an unmet need in the proteomics community. Although
established visualization platforms provide manual visualization of a
single experimental sample or dataset at a time (Omasits et al.,
2014), there is a lack of tools that support state-of-the-art data ana-
lysis software frameworks and that can visualize experimental se-
quence coverage across multiple samples or datasets in combination
with available sequence annotations mined from UniProt, the stand-
ard knowledgebase for protein information (Bateman, 2019). To
make this wealth of information easily accessible to proteomics

©The Author(s) 2021. Published by Oxford University Press.

researchers, we developed AlphaMap, a Python package that facili-
tates the visual exploration of peptide-level proteomics data.

2 The AlphaMap computational framework

In line with other recently developed software tools from our lab
(Strauss et al., 2021; Willems et al., 2021), we implemented
AlphaMap in pure Python because of its clear, easy to understand
syntax and the availability of excellent supporting scientific libraries.
To read fasta files, we leverage the Pyteomics Python package
(Goloborodko et al., 2013; Levitsky et al., 2019). Plotly is a well-
established plotting library that we use for generating AlphaMap’s
sequence visualization (Plotly Technologies Inc., 2015), allowing
flexible customization and great user interactivity. To enable easy
access to the AlphaMap functionality with a low barrier of entry, a
stand-alone graphical user interface (GUI) was implemented using
the Panel library (Rudiger et al., 2021). AlphaMap can be launched
either as a browser-based GUI after simple local installation or as a
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standard Python module installed via PyPI (Python Software
Foundation, n.d.) or directly from its GitHub repository.

In line with the AlphaPept ecosystem (Strauss et al., 2021), we
make the AlphaMap code openly available on GitHub, using its
many supporting features for unit and system testing via GitHub
actions. For code development, we adopted the concept of ‘literate
programming’ (Knuth, 1984), which combines the algorithmic code
with readable documentation and testing. Using the nbdev package,
the codebase can directly be inspected in well documented Jupyter
Notebooks, from which the code is automatically extracted (Kluyver
et al., 2016). We envision that these design principles will encourage

the broader community to integrate AlphaMap in their own data
analysis and visualization workflows with the possibility to easily
adopt the code according to specific needs.

3 Overview of the AlphalMlap workflow

AlphaMap uses peptide-level proteomics data as input. It currently
supports the direct import of data processed by MaxQuant (Cox
and Mann, 2008), Spectronaut (Bruderer et al., 2015), DIA-NN
(Demichev et al., 2020), FragPipe (Kong et al., 2017) and our
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Fig. 1. (A) Overview of the AlphaMap workflow from MS data upload to the interactive sequence vi
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tor receptor (EGFR). A zoom-in on a selected sequence region, indicated by dashed lines, is provided at the lower part of the panel

227



Publications

AlphaMap: Interactive protein sequence visualization

851

recently introduced AlphaPept framework (Strauss et al., 2021). In
contrast to Protter (Omasits et al., 2014), users can select multiple
independent datasets for co-visualization. These could either have
been processed by the same or with different MS analysis tools. It is
also possible to select only a single sample, or a subset of samples of
a given input file for individual sequence visualization. In addition
to the peptide-level data generated from LC-MS analysis, AlphaMap
leverages a plethora of manually curated sequence-specific protein
level information available from UniProt. Fasta files and UniProt se-
quence annotations are readily accessible in AlphaMap for the 13
most popular UniProt organisms as well as for SARS-CoV and
SARS-CoV-2. Functionality to enable the integration of additional
organisms is further available as part of our Python package.
Finally, the user can select the different layers of information that
should be displayed in the interactive sequence representation,
including selected protease cleavage sites and UniProt sequence
annotations. Figure 1A shows a schematic overview of the
AlphaMap workflow. Detailed instructions for its installation and
usage are further provided in the supplementary user guide. In add-
ition to interactive sequence visualization of a user-selected protein,
AlphaMap provides individual links to external databases and tools
for further sequence evaluation in UniProt (Bateman, 2019),
PhosphoSitePlus (Hornbeck et al., 2015), Protter (Omasits et al.,
2014), PDB (Berman et al., 2000) and Peptide Atlas (Desiere et al.,
2006).

4 Application of AlphaMap to investigate full
proteome and PTM data

Figure 1B shows the sequence visualization of the peptides and
PTMs identified for the epidermal growth factor receptor (EGFR)
in human A549-ACE2 cells that were infected with SARS-CoV-2
or SARS-CoV (an exemplary viral protein detected in this dataset
is visualized in the Supplementary Material) (Stukalov et al.,
2021). We show three independent experimental traces: one for
full proteome data, one for phospho-enriched peptides and one
for ubiquitin-enriched peptides. The proteome data indicates a
homogeneous coverage across the entire protein sequence. As
expected, phosphorylation and ubiquitination are limited to the
C-terminal region of the protein, which is annotated to be
exposed to the cytosol. In addition, the kinase domain of EGFR is
highly ubiquitinated in our dataset, whereas the surrounding cyto-
solic regions are phosphorylated. Interestingly, AlphaMap reports
that most of our observed phosphorylation sites have been previ-
ously identified, whereas none of the identified ubiquitination
sites are annotated in UniProt. Please note that unmodified pepti-
des are also observed in both the phospho- and ubiquitin-enriched
samples due to the imperfect selectivity of enrichment protocols.

Beyond the uses highlighted here, we envision AlphaMap to fa-
cilitate data analysis and interpretation for a variety of different
applications:

¢ Candidate validation: AlphaMap can be used to assess the se-
quence coverage of identified biomarker candidates (or other pro-
teins of interest) to evaluate possible sequence variations or
unexpected anomalies on the basis of readily available sequence
information.

* Preparation of panels for publication: Sequence visualizations
from AlphaMap can directly highlight the precise MS derived in-
formation about proteins of interest in biological or clinical
projects.

* Technical comparisons: AlphaMap can be used to evaluate se-
quence coverage between different data acquisition strategies
such as data-dependent and data-independent acquisition, alter-
native instrument platforms or software tools.

* Optimization of sample processing: Visualization of protein
cleavage sites for different proteases can help to optimize sample

processing with the goal to achieve a more complete sequence
coverage.

5 Conclusion

AlphaMap offers an interactive GUI and a Python package for visu-
alizing peptide-level bottom-up proteomics data on the basis of indi-
vidual protein sequences, including information of curated UniProt
sequence annotations and expected proteolytic cleavage sites. We ex-
pect that future developments by us and the community will extend
the variety of available annotations in AlphaMap, for example by
including prior knowledge of sequence conservation or predicted
functional domains. In addition, we will integrate quantitative infor-
mation and differential analysis results into the AlphaMap sequence
representations. We envision that AlphaMap will assist MS-based
proteomics researchers in inspecting peptide- and PTM-level data,
thereby providing valuable information in the process of candidate
validation in biological and clinical context.

Author contributions

L.B. conceptualized the project and together with E.V. and M.M.
wrote the manuscript with contributions from all authors. I.B. and
E.V. implemented the core AlphaMap functions. E.V. implemented
the GUI S.W. provided important help with the AlphaMap instal-
lers. FM.H. and A.-D.B. provided valuable ideas for the concept
and visualization in AlphaMap and F.M.H. further contributed by
rigorous testing. M.T.S. designed the general AlphaPept ecosystem
and assisted with the nbdev environment. M.M. supervised the study
and provided critical feedback on all aspects of the presented work.

Funding

This study was supported by The Max-Planck Society for Advancement of
Science and by the Bavarian State Ministry of Health and Care through the re-
search project DigiMed Bayern (www.digimed-bayern.de, G64b-A1070-
2018/131-2 DMB-1805-0008). L.B. acknowledges funding support from her
Postdoc.Mobility fellowship granted by the Swiss National Science
Foundation [P400PB_191046].

Conflict of Interest: none declared.

Acknowledgements

The authors thank Julia Schessner, Barbara Steigenberger, Jakob Bader and
Sophia Madler for testing and providing critical feedback on AlphaMap. They
are grateful to Ozge Karayel and Maria C. Tanzer for valuable discussions
and for providing experimental data.

References

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

Aebersold,R. and Mann,M. (2016) Mass-spectrometric exploration of prote-
ome structure and function. Nature, 537, 347-355.

Bateman,A.; UniProt Consortium. (2019) UniProt: a worldwide hub of protein
knowledge. Nucleic Acids Res., 47, D506-D515.

Berman,H.M. et al. (2000) The protein data bank. In Nucleic Acids Res., 28,
235-242.

Bruderer,R. et al. (2015) Extending the limits of quantitative proteome profil-
ing with data-independent  acquisition and  application to
acetaminophen-treated three-dimensional liver microtissues. Mol. Cell.
Proteomics, 14, 1400-1410.

Cox,]. and Mann,M. (2008) MaxQuant enables high peptide identification
rates, individualized p.p.b.-range mass accuracies and proteome-wide pro-
tein quantification. Nat. Biotechnol., 26,1367-1372.

Demichev,V. et al. (2020) DIA-NN: neural networks and interference correc-
tion enable deep proteome coverage in high throughput. Nat. Methods, 17,
41-44.

228



Publications

852

E.Voytik et al.

Desiere,F. et al. (2006) The PeptideAtlas project. Nucleic Acids Res., 34,
D655-D658.

Goloborodko,A.A. et al. (2013) Pyteomics — a python framework for explora-
tory data analysis and rapid software prototyping in proteomics. . Am. Soc.
Mass Spectrometry, 24, 301-304.

Hornbeck,P.V. et al. (2015) PhosphoSitePlus, 2014: mutations, PTMs and
recalibrations. Nucleic Acids Res., 43,D512-D520.

Kluyver,T. et al. (2016) Jupyter Notebooks—a publishing format for reprodu-
cible computational workflows. In: Positioning and Power in Academic
Publishing: Players, Agents and Agendas — Proceedings of the 20th
International Conference on Electronic Publishing, ELPUB 2016,
Gottingen, Germany, pp. 87-90.

Knuth,D.E. (1984) Literate programming. Comput. J., 27, 97-111.

Kong,A.T. et al. (2017) MSFragger: ultrafast and comprehensive peptide
identification in mass spectrometry-based proteomics. Nat. Methods, 14,
513-520.

Levitsky,L.L. et al. (2019) Pyteomics 4.0: five years of development of a Python
proteomics framework. J. Proteome Res., 18, 709-714.

Miiller,].B. et al. (2020) The proteome landscape of the kingdoms of life.
Nature, 582, 592-596.

Omasits,U. et al. (2014) Protter: interactive protein feature visualization and inte-
gration with experimental proteomic data. Bioinformatics, 30, 884-886.

Plotly Technologies Inc. (2015) plotly. Montréal, QC. hups:/plot.ly (27
September 2021, date last accessed).
Python Software Foundation. (n.d.) Python Package Index — PyPL. https://pypi.
org/ (27 September 2021, date last accessed).
Rudiger,P. et al. (2021) holoviz/panel:
10.5281/ZENODO.4692827.

Strauss,M.T. et al. (2021) AlphaPept, a modern and open framework for MS-based
proteomics. BioRxiv, 2021.07.23.453379. doi:10.1101/2021.07.23.453379.

Stukalov,A. et al. (2021) Multilevel proteomics reveals host perturbations by
SARS-CoV-2 and SARS-CoV. Nature, 594, 246-252.

Willems,S. et al. (2021) AlphaTims: indexing trapped ion mobility spectrom-
etry — time of flight data for fast and easy accession and visualization. Mol.
Cell. Proteomics, 100149.

0.11.3.  doi:

Version

229



Publications

3.11 The structural context of PTMs at a proteome wide scale

Isabell Bludau?!, Sander Willgmsl, Wen-Feng Zeng!, Maximilian T. Strauss?, Fynn M.
Hansen?, Maria C. Tanzer!, Ozge Karayel!, Brenda A. Schulman?®, Matthias Mann'?

! Department of Proteomics and Signal Transduction, Max Planck Institute of Biochemistry,
82152 Martinsried, Germany 2 Department of Clinical Proteomics, NNF Center for Protein
Research, Faculty of Health Sciences, University of Copenhagen, 2200 Copenhagen, Denmark
3 Department of Molecular Machines and Signaling, Max Planck Institute of Biochemistry, 82152
Martinsried, Germany

Available on BioRxiv and submitted for publication

Over the last decades, MS-based proteomics has unveiled a tremendous number of
PTMs, many of them with unknown function. Although, knowledgebases such as
PhosphoSitePlus [197] condense and annotate the vast set of reported PTMs, the
structural context of PTMs has not been addressed on a global level. AlphaFold has
made an enormous impact in the field of protein structure prediction [198] and now
allows the structural mapping of PTMs. In this study, Dr. Isabell Bludau in our group
uncovered global patterns of PTMs across structured and intrinsically disordered
regions, highlighting sites of spatial co-regulation and sites of potential PTM crosstalk.
With the extension of the AlphaMap tool (see 3.10), users can readily visualize PTMs of
their own experiments on predicted 3D protein structures.

Based on my expertise in the field of PTMs, | helped with hypothesis generation and
result interpretation. Furthermore, | helped with the incorporation of key datasets of my
previous projects (Publication 1 and Publication 2).
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Abstract

The recent revolution in computational protein structure prediction provides folding models for
entire proteomes, which can now be integrated with large-scale experimental data. Mass
spectrometry (MS)-based proteomics has identified and quantified tens of thousands of post-
translational modifications (PTMs), most of them of uncertain functional relevance. In this study,
we determine the structural context of these PTMs and investigate how this information can be
leveraged to pinpoint potential regulatory sites. Our analysis uncovers global patterns of PTM
occurrence across folded and intrinsically disordered regions. We found that this information can
help to distinguish regulatory PTMs from those marking improperly folded proteins. Interestingly,
the human proteome contains thousands of proteins that have large folded domains linked by short,
unstructured regions that are strongly enriched in regulatory phosphosites. These include well-
known kinase activation loops that induce protein conformational changes upon phosphorylation.
This regulatory mechanism appears to be widespread in kinases but also occurs in other protein
families such as solute carriers. It is not limited to phosphorylation but includes ubiquitination and
acetylation sites as well. Furthermore, we performed three-dimensional proximity analysis which
revealed examples of spatial co-regulation of different PTM types and potential PTM crosstalk. To
enable the community to build upon these first analyses, we provide tools for 3D visualization of

proteomics data and PTMs as well as python libraries for data accession and processing.
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Introduction

Post translational modifications (PTMs) are an important mechanism to regulate the activity and
function of proteins. Mass spectrometry (MS)-based proteomics has become the method of choice to
not only identify and quantify proteomes (Aebersold and Mann, 2016, 2003), but also to investigate
PTMs on a proteome-wide scale (Bekker-Jensen et al., 2020; Hansen et al., 2021; Sharma et al., 2014).
Despite impressive technological progress, a key challenge in the PTM and signaling fields remains to
distinguish PTMs that are of direct functional relevance from the tens of thousands that are routinely
measured. This is necessary to match the proteomics data to dedicated, low throughput biochemical

follow-up studies that characterize the biological functions of candidate PTMs.

To assess functional relevance of PTMs on a more global scale, Beltrao and co-workers recently
presented a machine learning model that uses information from different features indicative of
proteomic, structural, regulatory or evolutionary relevance to derive a functional score for a large
catalog of phosphosites (Ochoa et al., 2019). Another recent study directly evaluated the functional
relevance of phosphorylations purely based on available structural information (Kamacioglu et al.,
2021). Based on these and many previous studies, we know that phosphorylations are predominantly
observed on spatially accessible amino acids and particularly in intrinsically disordered regions (IDRs)
(lakoucheva et al., 2004; Kamacioglu et al., 2021; Tyanova et al., 2013). Furthermore, it stands to
reason that phosphorylations in flexible regions within folded domains and on binding interfaces are
more likely to be functional compared to those that are buried or less accessible in rigidly folded
regions (Kamacioglu et al.,, 2021). Although these studies impressively highlight the value of
integrating structural information into the analysis of PTMs, they have been limited to
phosphorylation and to the set of available experimentally derived structures deposited in PDB, which

furthermore inherently favor stable regions of proteins (Burley et al., 2021).

Recently, there has been a key breakthrough in computational protein structure prediction from
just the amino acid sequence of a protein. The novel deep learning models in AlphaFold2 (henceforth
referred to as AlphaFold) (Jumper et al., 2021), rapidly followed by RoseTTAFold (Baek et al., 2021),
were shown to regularly achieve high accuracy in predicting protein structures that are largely
comparable to those determined by experimental methods. By providing structural information for
almost the complete human proteome as well as the proteomes of over 20 model organisms, the

AlphaFold protein structure database (AlphaFold DB, https://alphafold.ebi.ac.uk) now enables

structural investigations on a proteome-wide scale, thus promising to accelerate our understanding
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of the structure-to-function relationship of proteins (Tunyasuvunakool et al., 2021; Varadi et al.,

2021).

Here we set out to combine this wealth of structural information with proteomics data, especially
large-scale PTM information, with the goal of shedding new light on the long-standing question of
functional relevance of PTMs. We present a first systematic assessment of how PTM data can be
integrated with deep-learning predicted structures on a proteome-wide scale. We then explore key
features in the structure function domain by combining predictions of functional relevance with
domain features and discover a multitude of sites with potential regulatory roles. To enable the
community to further explore the numerous related biological questions, we provide a Python
package called StructureMap, that allows to easily and quickly access and integrate structural data
from AlphaFold DB with proteomics data and information on PTMs. Finally, we provide an extended
version of our previously published AlphaMap tool for sequence visualization (Voytik et al., 2021),

which now enables the mapping of peptides and PTMs to three-dimensional protein structures.

Results

Estimation of side chain exposure and intrinsically disordered regions from predicted

protein structures

To make the information provided by predicted structures accessible for systematic analyses, we
first wanted to extract it into tractable metrics such as amino acid side chain exposure or the
categorization of amino acids into structured and intrinsically disordered regions (IDRs). At this point,
it is important to make a clear distinction between predicted and experimentally derived structures.
Experimental structures are often incomplete and may only cover a specific sequence region. In
contrast, the predicted structures in AlphaFold DB in principle cover the entire protein sequence from
N- to C-terminus. Importantly, each amino acid in the predicted structure is associated with a specific
prediction confidence (pLDDT) derived from the deep learning models (Jumper et al., 2021).
Additionally, the relative position of amino acids to each other is annotated with an expected distance
error in Angstroms (predicted aligned error, PAE). Although experimental structures are available for
a large set of proteins, we decided to base all our analyses on predicted structures only. This prevents
ambiguities in the integration of multiple conflicting structures and allows us to leverage the complete

sequence information, confidence metrics and PAE estimates.
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We found that it is crucial to take AlphaFold’s confidence and PAE metrics into account for best
accuracy, in accordance with others (Akdel et al., 2021). Therefore, we developed a prediction-aware
metric. To evaluate amino acid side chain exposure, we built upon the previously introduced half-
sphere exposure (HSE) (Hamelryck, 2005; Heffernan et al., 2016). This method essentially calculates
the half-sphere of a given amino acid in the direction of its side chain at a defined radius, and counts
the number of alpha carbon atoms from other residues within it, with a larger number reflecting less
exposure and vice-versa (Supplementary Figure 1A). We adjusted the HSE to take prediction
uncertainties into account, meaning that an alpha carbon atom is only considered as a neighbor if it
still lies within the defined radius after addition of its PAE for this alpha carbon pair. We further
introduce an angle parameter that determines whether to consider the full-sphere, half-sphere, or
any other angle in direction of the amino acid side chain. Accordingly, we termed our metric
prediction-aware part-sphere exposure (pPSE). To illustrate, Figure 1A shows the AlphaFold predicted
structure of Mitogen-activated protein kinase 3 (MAPK3) colored by pLDDT and by the pPSE using a
radius of 12 A and an angle of 70°.

The higher the pPSE, the more other amino acids are in close proximity to the amino acid being
evaluated, and hence the more structured its environment. In this respect pPSE offers a similar metric
as the commonly used solvent accessible surface area (SASA), or relative SASA (RSA). However, the
pPSE directly considers side chain orientation and, more importantly, it takes the prediction error of
AlphaFold into account. Estimating the pPSEs for all amino acids in the 20,053 predicted human
protein structures on AlphaFold only takes minutes on a laptop computer with our implementation.
This makes the tool especially useful for system-wide studies where tens of thousands of proteins are
evaluated for particular properties. In a community effort, it was recently shown that a smoothed
AlphaFold confidence metric (pLDDT) or RSA metric based on the predicted structures can confidently
determine IDRs (Akdel et al., 2021), improving on IUPred2, a state-of-the-art tool for IDR prediction
(Mészaros et al., 2018). We found that our smoothed pPSE metric even obtains slightly better results
when using a radius of 24 A and a full sphere (the true positive rate improves from 83% for RSA to 86%
for pPSE, see Figure 1A, 1B, 1C and Supplementary Figure 1C and 1D). Importantly, considering the
positional uncertainty during pPSE estimation considerably improves IDR prediction compared to

neglecting it (TPR increase from 79% to 86%).
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Figure 1. Estimation of amino acid side chain exposure and intrinsically disordered regions (IDRs). (A)
AlphaFold predicted structure of Mitogen-activated protein kinase 3 (MAPK3) colored by prediction confidence
(pLDDT, left), colored by our prediction-aware part-sphere exposure (pPSE) metric using a radius of 12 A and an
angle of 70° (center), and colored by our prediction of structured regions and IDRs (right). (B) Receiver operating
characteristic (ROC) curve for predicting IDRs based on IUPred2 in comparison to the smoothed pLDDT
confidence scores from AlphaFold, the smoothed relative solvent accessible surface areas (RSA), and the pPSE
with (+) and without (w/o) considering the predicted aligned error (PAE) (radius = 24 A, angle = 70°). (C)
Corresponding area under the curve (AUC) values and the true positive rates (TPRs) at a 5% false positive rate
(FPR). The numbers in square brackets behind each metric indicate the smoothing windows that were used, see

Supplementary Figure 1 for a comprehensive parameter screen.

Most PTMs are enriched in intrinsically disordered regions, whereas ubiquitinations

accumulate in structured domains

Having the proteome-wide information on IDRs at hand, we next performed an enrichment
analysis of different PTMs located within those regions across the entire human proteome. We first
used all PTMs annotated in the PhosphoSitePlus database that overlapped with structural data,

comprising a total of 334,529 sites, including phosphorylations (p), ubiquitinations (ub), sumoylations
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(sm), acetylations (ac), methylations (m) and the glycosylations O-GalNAc (gl) and O-GlcNAc (ga)
(Hornbeck et al., 2015). In agreement with previous observations of phosphorylations (lakoucheva et
al., 2004; Tyanova et al., 2013), most PTMs were indeed significantly enriched in IDRs (Figure 2A). In
contrast, our analysis revealed that ubiquitinations and, to a lesser extent, acetylations were
significantly underrepresented in IDRs (ubiquitination: odds-ratio = 0.6, adj. p-value ~ 0, number of
sites = 91,388; acetylation: odds-ratio 0.9, adj. p-value = 6e-08, number of sites = 21,202). However, if
only PTM sites with a known regulatory function are considered, this effect disappeared for
ubiquitination and was even reversed for acetylation (ubiquitination: odds-ratio = 1.0, adj. p-value =

0.7, number of sites = 451; acetylation: odds-ratio 2.0, adj. p-value = 1e-18, number of sites = 631).

A possible explanation for non-regulatory ubiquitination sites in structured regions is the tagging
of misfolded proteins for degradation by the proteasome. Importantly, most datasets that contribute
ubiquitination sites to PhosphoSitePlus are from samples treated with proteasome inhibitors (Figure
2B). This leads to the accumulation of misfolded proteins that presumably expose normally
inaccessible lysine residues. Furthermore, ubiquitin might also be specifically attached to structured
regions to destabilize the protein fold, creating new short IDRs that are required for proteasome

binding and subsequent degradation (Carroll et al., 2020).

To directly test our hypothesis, we contrasted ubiquitination sites form proteasome inhibitor-
treated and untreated samples in the same experiment (Hansen et al., 2021). Interestingly,
ubiquitination sites unique to the proteasome inhibition condition confirm the overrepresentation of
ubiquitination in structured regions (Figure 2A right, odds-ratio = 0.4, adj. p-value = 0, number of sites
= 19,517). The same effect can still be observed for the sites shared between both datasets (odds-
ratio = 0.6, adj. p-value = 1e-193, number of sites = 11,741), whereas the ubiquitination sites unique
to the untreated condition are enriched in IDRs (odds-ratio = 1.4, adj. p-value = 1e-32, number of sites
= 6321), similar to most other PTMs. Overall, 78 % of ubiquitinated lysines unique to the inhibitor
treatment condition and 71 % of shared ubiquitin sites were in structured regions. In notable contrast,

in the uninhibited condition, only 50 % of observed ubiquitinations are in structured regions.

To further pursue these findings, we disregarded all amino acids in predicted IDRs and asked if
PTMs are enriched in amino acids with side chains of high versus low exposure within structured
regions. To this end, we calculated the pPSE for each amino acid at a radius of 12 A and an angle of
70°. We considered amino acids with a pPSE <5 to have a high exposure and those with a pPSE > 5 as
low exposure (see Supplementary Figure 1B and the methods section for details on the cutoff

selection). Due to much lower numbers of annotated PTMs in structured regions, statistical
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significance decreases, but phosphorylations were still enriched in amino acids with high side chain
exposure, whereas ubiquitinations were enriched in those with low side chain exposure
(Supplementary Figure 2). This indicates that ubiquitinations are located on lysines that are buried
within the structure of a properly folded protein rather than on outwards facing amino acids of a helix

or beta-sheet at the protein’s surface.

In addition to these global analyses, we further explored modified proteins individually to test if
PTMs were specifically enriched in certain structural elements. For ubiquitination, this revealed 71
proteins with a significant enrichment in structured regions (odds-ratio < 1, adj. p-value < 0.05).
Interestingly 80% of them were DNA or RNA binding proteins. A striking example is Ras GTPase-
activating protein-binding protein 2 (G3BP2), an RNA-binding protein that plays an essential role in
cytoplasmic stress granule formation (Matsuki et al., 2013). Here all 9 ubiquitination sites are in

structured regions (Figure 2C).
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Figure 2. Enrichment analysis of PTMs in IDRs. (A) Enrichment of different PTMs annotated in the
PhosphoSitePlus database in IDRs (left). Enrichment of ubiquitinated lysines annotated in PhosphoSitePlus
versus ubiquitinations detected in a dataset treated with proteasome inhibitor or untreated (right). PTMs are
abbreviated as follows: phosphorylations (p), ubiquitinations (ub), sumoylations (sm), acetylations (ac),
methylations (m) and the glycosylations O-GalNAc (gl) and O-GIcNAc (ga). (B) Overview of datasets that
contribute ubiquitination sites to PhosphoSitePlus and their use of proteasome inhibitors. (C) AlphaFold
predicted structure of Ras GTPase-activating protein-binding protein 2 (G3BP2) colored by structured regions

(blue) and predicted IDRs (grey) as well as ubiquitination sites annotated in PhosphoSitePlus (yellow).

Improving sequence motif analysis through structural context

Post-translational modifications are commonly introduced by dedicated enzymes such as kinases
for phosphorylation, E3-ligases for ubiquitination and proteases for proteolytic cleavage, which
generally recognize specific sequence motifs. Given that most PTMs have a preference for exposed
amino acids, we reasoned that sequence motifs in accessible protein regions should be preferred
compared to inaccessible ones, adding another layer of selectivity. To explore this hypothesis, we first
selected a curated list of kinase phosphorylation motifs available in Perseus (Tyanova et al., 2016).
Based on phosphosites in both PhosphoSitePlus and a recent in-depth, COVID-related phospho study
(Stukalov et al., 2021), we first confirmed that phosphorylations are generally enriched in kinase
phosphorylation motifs compared to all possible STY sites. This effect is even more pronounced for
regulatory sites and sites from the Stukalov study (Figure 3A). Confirming our hypothesis, motifs in
IDRs and motifs harboring exposed STY sites were indeed preferentially modified (Figure 3B and

Supplementary Figure 3A).

These results highlight that proteome-wide structural information can provide valuable insights
for motif analysis and help interpret experiments determining enzyme-substrate relationships. We
illustrate this with a large in vitro kinase substrate screen by Ishihama and colleagues (Sugiyama et al.,
2019). These authors dephosphorylated Hela cell lysates with phosphatases, which they then
deactivated by heat. The resulting — partially denatured — sample then served as a substrate pool to
which 385 different recombinant human protein kinases were individually added to investigate which
kinases phosphorylate which specific amino acid sites. Their study resulted in an unprecedented set
of 20,669 phosphosites, 175,574 proposed kinase-substrate relationships and 1,427 kinase

phosphorylation motifs.

Based on the denaturation of the proteome, and as already indicated by the authors, we

speculated that many of the previously inaccessible sites would now be amenable to phosphorylation,
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providing an ideal test case for structure-based interpretation. Indeed, our analysis revealed that the
identified phosphosites were not enriched in IDRs, in contrast to the above examples. However, the
sites that overlapped with other studies did show the expected enrichment in IDRs (Figure 3C). These
results suggest that structural information can be used to refine the list of reported phosphosites to a

set that better represents the sites expected to occur on endogenously folded proteins.

To further test the effect of 3D exposure filtering on sequence motif analysis, we selected kinases
and performed a motif analysis separately for sites of high surface exposure (pPSE < 5) and sites of
low exposure (pPSE > 5) using the PSSMSearch tool (Krystkowiak et al., 2018; O’Shea et al., 2013). As
can clearly be seen in Figure 3D, kinases showed striking differences in sequence motifs between sites
of high and low exposure. While motifs for sites of high exposure are mostly in agreement with the
reference set provided by Perseus (Tyanova et al., 2016), this was not the case for the sites with low
exposure. To account for the fact that there are fewer sites in structured regions, we also selected
random, equally sized subsets of the high-exposure sites and repeated the motif analysis. This resulted
in similar patterns as for the full set of sites, but with lower enrichment scores (Supplementary Figure

3B).

In the case of the RAC-alpha serine/threonine-protein kinase (ACT1), the phosphosites of high
exposure clearly display the R-x-R-x-x-pS-F motif (Figure 3D, top left panel). In contrast, phosphosites
of low exposure only provide a noisy motif (Figure 3D, top right panel). For other kinases, such as
Stress-activated protein kinase JNK1, a serine/threonine-specific protein kinase, the phosphosites of
low exposure even have an unexpected enrichment for a phosphorylated central tyrosine residue and

the proline at the +1 position is hardly enriched (Figure 3D, right panel).

Together, these results establish that the structural information from AlphaFold and the tools
presented herein can guide determining potential regulatory PTM sites found by in vitro screens,
increasing the confidence of measured kinase-substrate pairs by filtering out a subset that are less
likely to be true in-vivo substrates. As we have shown, this can improve kinase phosphorylation motif
predictions and help to interpret individual sites of interest. Here we focused on phosphorylations but
we expect similar benefits for the analysis of any other types of motifs, including enzyme recognition

or general protein binding.
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Figure 3. Exploiting the 3D context of kinase phosphorylation motifs. (A) Enrichment of phosphorylation events

in kinase motifs compared to all possible STY sites. (B) Enrichment of phosphorylations in kinase motifs within

IDRs compared to all possible kinase motif occurrences. (C) Enrichment of phosphorylations in IDRs compared

to all possible STY sites. The phosphosites reported by Sugiyama et al. (Sugiyama et al., 2019) were filtered for

sites also reported in PhosphoSitePlus and by Stukalov et al. (Stukalov et al., 2021). (D) Sequence logos for

different kinases. The PSSMSearch tool (Krystkowiak et al., 2018) was used with a log odds scoring method

(O’Shea et al., 2013).
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Functionally relevant PTMs are enriched in short IDRs within large structured domains

exemplified by kinase activation loops

Having established the enrichment of most PTMs in unstructured regions in the dataset, we
further explored the structural context of this effect. We found that these PTMs are often located in
short IDRs that are embedded within larger structured domains. To investigate if this was a random
effect or whether these short IDRs could be of biological relevance, we extracted all proteins with
short IDRs of maximally 20 amino acids length between two flanking structured regions of at least 80
amino acids. Among the 20,053 human proteins in AlphaFold DB, 2,454 have such a pattern. Notably,
enrichment analysis of these proteins revealed a significant overrepresentation of GO molecular
functions related to ATP binding, protein kinase activity, ATPase activity, transmembrane transporter

activity and motor activity (Figure 5A).

To further evaluate the relevance of the short IDRs, we analyzed their occupancy with functional
phosphosites. To this end, we first considered regulatory phosphosites in PhosphoSitePlus (Hornbeck
etal., 2015). Our analysis revealed that these regulatory sites, as compared to phosphosites in general,
are significantly enriched in short IDRs versus all IDRs (odds-ratio = 1.57, adj. p-value = 0.001, Figure
2B). We also extracted a second set of phosphosites from the above-mentioned study of Beltrao and
co-workers, where sites were given a functional score between zero and one, with scores equal to or
above 0.5 considered functional (Ochoa et al., 2019). We indeed observed that the higher the score,
the stronger the enrichment of functional phosphosites in short IDRs, ranging from an odds-ratio of
1.43 at a cut-off of 0.5 to an odds-ratio of 7.7 at 0.9 (Figure 4B). This raises the exciting possibility that
at least a subset of these phosphorylation sites may play important roles in structural and functional

rearrangements of their neighboring domains.

Due to the strong enrichment of kinases among proteins with short IDRs, we next investigated
whether they overlap with any known kinase substructures annotated in KinaseMD (Hu et al., 2021).
That database contains substructure annotations for 388 kinases, 365 of which also have predicted
structures in AlphaFold DB. We found a large overlap of 72 short IDRs with the 309 annotated
activation loops, but none with the 171 G-loops or 230 Ca-helix positions in these kinases. If the five
amino acids flanking a short IDR are also considered, this number increases to 79 (also see methods
section). These results are particularly interesting, because the activation loops of many kinases
undergo structural rearrangements upon phosphorylation (Nolen et al., 2004). Strikingly, 55 of the 79
kinases (70 %) with an overlap of the extended short IDR and the annotated activation loop have an

annotated regulatory phosphosite or a functional score higher than 0.5, for a total of 99 different
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phosphosites. To illustrate, receptor-interacting serine/threonine-protein kinase 2 (RIPK2) and
Mitogen-activated protein kinase kinase kinase kinase 1 (MAP4K1) both show an overlap between our
predicted short IDR and the annotated activation loop with known regulatory phosphosites (Figure

4C, D and E).

Next, we evaluated short IDRs outside of annotated kinase activation loops. An interesting
example of these is the serine/threonine-protein kinase CHK2 (CHEK2). Although the annotated
activation loop (amino acids 367 to 389) was not detected as a short IDR, our data contained an
alternative short IDR region (amino acids 262 and 263). Directly flanking this IDR is a phosphorylation
site with a functional score of 0.44 (5260). Notably, CHEK2 was reported to be autophosphorylated at
residue $260, which is important for triggering a conformational change in CHEK2 that favors a

dissociation of dimers into fully active monomers (Zannini et al., 2014).

We also observed short IDRs in many proteins apart from kinases. One example is Band 3 anion
transport protein (SLC4A1) where we found that the short IDR from residue 354 to 369 contains a
known regulatory phosphosite on Y359 (Flatt et al., 2020). In addition to phosphorylations, other PTMs
might also be biologically relevant in the short IDRs. Indeed, one of three regulatory ubiquitination
sites in another solute carrier protein - SLC22A6 —is located directly in a short IDR, whereas the other
two are in close proximity (Figure 4F). These three ubiquitination sites have previously been shown to

play an important role for the internalization of this protein (Li et al., 2013).

Compared to phosphorylation, the percentage of other PTM sites with known functions is even
smaller. Our findings suggest that selecting candidates from PTM sites within or in close proximity to
short IDRs is a promising strategy to discover functional relevance. We found that our predicted short
IDRs extended by five amino acids contain a wealth of PTM sites that are not yet annotated as
regulatory in PhosphoSitePlus (1,437 phosphosites, 898 ubiquitination sites, 118 acetylations, 43
sumoylations, 53 methylations, 33 GalNAc and 1 GIcNAc) (Figure 4G, Supplementary dataset 1). We
further provide a list of all human short IDRs for researchers to explore their favorite proteins, enabling
the integration of own experimental data from PTM studies or other types of studies, such as

mutational screens (Supplementary dataset 2).
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Figure 4. Regulatory PTMs accumulate in short IDRs. (A) Enrichment analysis of proteins with short IDRs. (B)

Enrichment of regulatory phosphosites from PhosphoSitePlus in short IDRs compared to all other IDRs. (C)

Sequence plot showing the N- to C-terminus of different proteins colored by whether the amino acid is part of

a structured region (blue) or an IDR (grey). All phosphosites annotated in PhosphoSitePlus are indicated by

circles. Regulatory sites are colored in dark red and stand out higher than non-regulatory sites (salmon). Regions

of short IDRs including a five amino acid extension are indicated in light green below the sequence. Annotated

kinase activation loops (A-loops) from KinaseMD are indicated in dark green above the sequence. The predicted

structures of RIPK2 (D) and MAP4K1 (E) are colored by structured regions (blue) and predicted IDRs (grey) as

well as known regulatory phosphosites annotated in PhosphoSitePlus (dark red). Specific regions of interest are

highlighted by an orange circle. (F) The predicted structure of SLC22A6 is colored by structured regions (blue)

and predicted IDRs (grey) as well as known regulatory ubiquitination sites annotated in PhosphoSitePlus
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(yellow). (G) Overview of phosphorylations (left) and other PTMs (right) that lie within short unstructured

regions or their flanking five amino acids (AA).

PTMs on proteins preferentially occur in three-dimensional clusters

It is well known that many proteins have hotspots of modifications. For example, multisite
phosphorylation in specific sequence regions is critical in regulating the activity of many enzymes and
their binding properties (Cohen, 2000). Furthermore, in the context of circadian biology, we recently
showed that regulated ubiquitinations frequently occur in sequence proximity (Hansen et al., 2021).
Beyond co-localization of the same PTM types, phospho-acceptors near PTM-modified lysines were
shown to be preferentially phosphorylated in comparison to more distant residues (Beltrao et al.,
2012). Those prior findings were obtained on the basis of linear sequence analysis. Now, with the
spatial coordinates of each PTM acceptor residue provided by AlphaFold, we set out to evaluate PTM

proximity in three-dimensional space.

First, we investigated whether PTM acceptors near a modified amino acid residue are more
frequently observed to also be modified compared to more distant residues or to random expectation.
For this, we extended the strategy of Krogan and co-workers (Beltrao et al., 2012) to evaluate distance
in 3D space and to assess both individual PTM types and PTM co-occurrence (see methods section).
Importantly, our metric considers the predicted positional uncertainty between any two PTM sites as
a factor in the analysis. Furthermore, we only take structured regions and short IDRs into account for
the proximity analysis (that is, we removed all IDRs of more than 20 amino acids). This ensures that
proximity results are not influenced by regions of high structural uncertainty, as is the case for IDRs.
It further avoids any biases that arise from the fact that many PTMs are enriched in IDRs and tend to

cluster there in linear sequence space.

Our analysis revealed that the observed sites of PTM types annotated in PhosphoSitePlus indeed
form 3D modification hotspots. Phosphorylations, ubiquitinations, sumoylations, acetylations and
methylations each form tight clusters in 3D space, where proximal amino acids are preferentially
modified compared to more distant residues or an equivalent random selection (Figure 5A). Due to an
overall lower number of O-GIcNAc and O-GalNAc modified sites, the results for these modifications
are less conclusive but also show a similar trend (Supplementary Figure 4). In addition to evaluating
PTM types by themselves, we further investigated co-localization of different PTM types. This
confirmed that phospho-acceptors near modified lysines (including ubiquitination, sumoylation and

acetylation) are more frequently phosphorylated compared to random expectation (Beltrao et al.,
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2012) (Figure 5B). This is also true for methylated lysines and arginines. Conversely, investigating
ubiquitination sites near other PTMs revealed that they also preferentially occur close to phosphosites
(Figure 5C). Other lysine modifications, however, often compete for the same or directly neighboring
residues, but they do not generally favor proximity. Overall, our analysis reveals that many proteins
have specific 3D regions and folds that are particularly prone to being modified by the same or

different PTMs. This structurally supports the notion of PTM cross-talk.

Following these global analyses, we next explored 3D PTM clusters of all individual proteins. For
this, we calculated all pairwise distances between modified amino acids and compared their average
against a distribution of random PTM sites (see methods section). We again only considered
structured protein regions and included the positional uncertainty between any two PTM sites in the
distance calculation. Clustering analysis of phosphorylation and ubiquitination sites in
PhosphoSitePlus revealed many proteins with significant PTM clusters, showing a strong enrichment
for transmembrane proteins (Figure 5D). On those proteins, we detected these PTMs on the cytosolic

domains and in 3D proximity, nicely confirming that the proximity analysis worked as intended.

To enable a more fine-grained inspection of PTM clusters, we explored an in-house phospho-
dataset (Stukalov et al., 2021). Of 47 phosphoproteins with three or more sites in structured regions,
3D proximity analysis yielded six significant ones (adj. p-value < 0.05 and > 3 phosphosites,
Supplementary Dataset 3). As an example, the mitochondrial Pyruvate dehydrogenase E1 component
subunit alpha (PDHA1) had an adjusted proximity p-value of 0.005 and all six detected phosphosites
are located within one protein pocket (Figure 5E). Three of these (5232, S293 and S300) have
previously been reported to be substrates of PDK family kinases. Any single one of these is sufficient
to inactivate PDHA1 and dephosphorylation of all sites is required for reactivation (Kato et al., 2008).
Our 3D analysis suggests that the other three phosphorylation sites would have the same effect.
Another interesting example is Aldo-keto reductase family 1 member B1 (AKR1B1) (adj. p-value =
0.03). In linear sequence space, S211 and S215 are close together, whereas S23 and Y49 are far apart.
However, in the folded protein structure, all four are in the same pocket (Figure 5F). Interestingly, it
also contains the annotated NADP binding site of AKR1B1, which consists of two distinct sequence

stretches from amino acids 10 to 19 and 211 to 273 (based on UniProt annotation).
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Figure 5. PTM proximity analysis in 3D. (A) The fraction of modified PTM acceptor residues is shown as a
function of the 3D distance to a given modified amino acid in A. Observed values (indicated in red when
statistically significant and colored in salmon otherwise) are compared to the mean of five random samples
including the same number of modified PTM sites (grey). Error bars indicate one standard deviation. The x-axes
are divided in distance bins ranging from each previous bin to the indicated cutoff in A. (B) The fraction of
modified phospho-acceptor residues is shown as function of the 3D distance to a given modified amino acid in
A. (C) The fraction of ubiquitinated lysines is shown as function of the 3D distance to a given modified amino
acid in A. The smallest bin shows competition for the same central lysine residue. (D) Enrichment analysis of
proteins with 3D phospho- and/or ubiquitination clusters (FDR < 0.01). (E) The predicted structure of Pyruvate
dehydrogenase E1 component subunit alpha (PDHA1). Phosphorylations on the phospho-loop A are indicated in
dark red (T231 and S232). The phosphorylations on phospho-loop B are indicated in magenta (Y289, $S293, S295
and S300) (Kato et al., 2008). (F) The predicted structure of Aldo-keto reductase family 1 member B1 (AKR1B1).
Residues annotated as NADP binding sites are highlighted in blue (amino acids 10 to 19) and turquoise (amino

acids 211 to 273). Phosphorylations are indicated in magenta.
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Community resources for enabling the systematic integration of PTM data with

structure predictions from AlphaFold

This study only scratches the surface of biological insights that can be gained from combining PTM
data with structural information. To enable the community to further investigate various research
questions of interest to them in their own data or in public repositories, we created a toolset that
facilitates systematic data exploration and integration. First, we provide StructureMap, an open-
source Python package for processing predicted structures from AlphaFold DB and for integrating the
data with PTM information. Its functionalities include (1) accession of predicted structures from
AlphaFold DB and extraction of essential information into an internal data format, (2) calculation of
the pPSEs of individual amino acids as well es estimation of IDRs, (3) extraction of short IDRs for PTM
site prioritization, (4) import and formatting of PTM datasets, (5) enrichment analyses of PTMs in
different structural regions and IDRs, (6) motif analysis in 3D context and filtering based on side chain
exposure, and (7) multi-dimensional proximity analysis of PTMs. To further enable easy visualization
of PTMs on the three-dimensional structure of proteins, we also extended our previously published
AlphaMap tool, which is available as Python library as well as a stand-alone application with graphical
user interface (Voytik et al., 2021). The source code of both tools is openly available with an Apache
license on the MannLabs GitHub page and includes extensive documentation to readily enable
researchers to understand and further adopt code to any specific needs

(https://github.com/MannLabs/structuremap and https://github.com/MannLabs/alphamap).

Discussion and Outlook

PTMs provide essential mechanisms to regulate the activity and function of proteins. Although
mass-spectrometry based proteomics routinely enables the identification and quantification of
thousands of PTMs, systematic assessment of their functional relevance remains a persisting
challenge. While previous work already demonstrated the merits of structural information for PTM
analyses (Beltrao et al., 2012; lakoucheva et al., 2004; Kamacioglu et al., 2021; Ochoa et al., 2019;
Tyanova et al., 2013), the recent revolution in computational protein structure prediction (Baek et al.,
2021; Jumper et al., 2021) only now enables the proteome-wide integration of structural information
with PTM data. In this study, we provide a first overview of how the comprehensive structural context
of all detected PTMs can provide global and protein-specific insights into biological mechanisms, to
filter in vitro datasets for physiological relevance and to identify promising candidates for biochemical

follow-up studies.
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Key to most of our analyses was that we used whole proteome structural information to
determine the exposure of each individual amino acid side chain, thus providing a measure of how
amenable that residue is for harboring a modification (Figure 1A). In contrast to experimentally
derived structures, the in silico structures come with prediction errors and positional uncertainties,
which turned out to be crucial for assessing amino acid exposure (Akdel et al., 2021) (Figure 1B/C and
Supplementary Figure 1). Our analyses confirmed that most PTMs are strongly enriched on exposed
amino acids compared to residues that are buried within the protein fold (Supplementary Figure 2).
This effect is even more evident when comparing IDRs and structured regions (Figure 2A) and for

specific kinase phosphorylation motifs (Figure 3B and Supplementary Figure 3A).

In contrast to the other analyzed PTMs, ubiquitinations were strikingly enriched on structured
regions and on amino acids that are expected to be inaccessible (Figure 2A and Supplementary Figure
2). We showed that this effect is triggered by proteasome inhibition, supporting the idea that the
ubiquitinations on structured regions are predominantly placed on misfolded proteins, tagged for
degradation. Thus, our toolkit can help distinguish ubiquitination associated with protein quality
control from that mediating site-specific regulation. Interestingly, a majority of the proteins with
ubiquitin modifications enriched in structured regions are DNA or RNA binders, many of which are
known to be ubiquitinated in cellular stress response (Maxwell et al., 2021). As an example, the RNA-
binding protein G3BP2, which is essential for cytoplasmic stress granule formation, has all of its nine
ubiquitination sites in structured regions (Matsuki et al., 2013). SET8 is ubiquitinated during DNA
damage response, causing its degradation followed by chromatin rearrangements (Jgrgensen et al.,
2011), and our analysis placed 9 of 10 ubiquitination sites in normally structured regions (adj. p-value
= 0.01). Together, these results raise the possibility that ubiquitination of DNA and RNA binders and
their direct regulators provides an effective regulatory mechanism for cellular stress responses.
Further investigations could combine the above analyses with information about different ubiquitin

side chain architectures to elucidate possible 3D topologies and associated functionalities.

As PTMs on properly folded proteins are expected to reside on exposed amino acid side chains,
we reasoned that our 3D analysis could help to prioritize sites from experiments performed under less
than physiological conditions. Here, we exemplified such a case by an in vitro kinase substrate screen
(Sugiyama et al., 2019). While the screen allowed defining sequence preferences for kinase
phosphorylation motifs, determining which sites could mediate bona fide regulation remained a
challenge. Modified sites that are observed on inaccessible amino acid residues can be filtered out to
reduce the target list to more physiologically relevant sites. Moreover, in our analysis, the motifs of

best retained sites were strikingly better defined than those based on the discarded ones (Figure 3D).
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We strongly suggest to employ such analyses in future in vitro PTM studies. Apart from
phosphorylations, we expect similar benefits for the analysis of other types of PTMs or even for linear

motifs involved in specific molecular binding events.

More generally, 3D analysis can highlight sites with a high potential to be functionally relevant.
Our unbiased, global analysis revealed that regulatory phosphosites are strongly enriched in short
unstructured regions between large folded domains (Figure 4B). Many of these short IDRs correspond
to annotated kinase activation loops, which are known to undergo structural rearrangements upon
phosphorylation (Nolen et al., 2004). Our analysis systematically reveals such functionally highly
relevant sequence regions on a proteome-wide scale, opening up multiple interesting routes for
further investigations: First, short IDRs in regions without known functional relevance could
specifically be investigated. Second, PTMs lying in or adjacent to such regions could be prioritized in
the selection of candidate PTMs for biochemical follow-up studies, given their potential to cause
structural rearrangements with functional consequences. We provide the community with a resource
of such short IDRs in the human proteome and also with a set of promising PTM candidates from
PhosphosSitePlus, which lie within or directly adjacent to these short IDRs. Beyond phosphorylation,
these candidate PTMs contain hundreds of ubiquitinations as well as tens of sumoylations,
acetylations and methylations (Figure 4G). It would be exciting if future work in protein structure

prediction enables the direct prediction of protein folds including PTMs.

Stepping back, the structural context of PTMs can not only be evaluated by means of spatial
metrics, such as the exposure and folding state of individual amino acids, but also by using the three-
dimensional fold directly. To this end, we evaluated PTM proximity in 3D space, revealing that not only
phosphorylations, but also most other PTM types tend to cluster in protein folds (Figure 5A). Beyond
this co-localization of PTMs of the same type, we further showed that phosphorylations and lysine
modifications preferentially occur in 3D proximity (Figure 5B and 5C), extending previous findings in
linear sequence space (Beltrao et al., 2012). Interestingly, lysine modifications, including
ubiquitination, sumoylation, acetylation and methylation often compete for the same or directly
neighboring residues, but they do not generally favor proximity (Figure 5C). A possible explanation for
this effect could be the high reactivity of specific lysine residues, which will be an interesting follow-
up to our study (Abbasov et al., 2021). We further investigated PTM proximity on individual proteins
in a proteome-wide fashion. This systematic analysis resulted in the identification of interesting
proteins with 3D clusters of phosphorylations in specific protein pockets. For instance, in PDHA1, the
relevant phosphorylation sites may all be important for enzyme activation and inactivation (Kato et

al., 2008). In AKR1B1, the relevant phosphorylations surround the known NADP binding site. We only
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observed functionally relevant PTM hotspots in protein pockets for phosphorylations here, but we
expect that future improvements in the coverage of other PTM types will also enable the identification
of 3D clusters for them. Recent work extends the prediction of structures of individual proteins to the
prediction of structures for entire protein complexes (Evans et al., 2021; Humphreys et al., 2021). The
integration of proteome-wide estimates of binding interfaces may make studies of PTM co-regulation
across proteins, such as the synergistic sumoylation of multiple proteins during DNA repair (Psakhye

and Jentsch, 2012), feasible on a global scale.

In summary, our study is the first systematic assessment of the structural context of PTMs and
how to leverage this information to gain novel biological insights and to augment proteomic studies.
By providing the open-source Python packages StructureMap and AlphaMap, we equip the scientific
community with a toolset to easily integrate information from AlphaFold predicted structures into any
kind of proteomics study and to visualize proteomics data on the predicted protein fold. We envision
that this will enable scientists to directly assess observed PTMs in their structural context and to
evaluate their physiological feasibility, to prioritize promising candidates for functional follow-up
studies, and to find three-dimensional hotspots of PTM regulation. Future work could explore 3D
motifs for enzyme substrate recognition as well as the integration of protein binding information.
Beyond our own work presented here, we are convinced that the systematic integration of structural
information with proteomics data will open up new avenues to (re-)evaluate both old and new

research questions.
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Methods

Prediction of intrinsically disordered regions (IDRs) and benchmarking against IUPred2

To benchmark IDR prediction, we first downloaded ground truth datasets for both disordered and
structured protein regions as defined by Beltrao and colleagues (Akdel et al., 2021). To avoid
inconsistencies, we removed any amino acids that were labeled as both disordered and structured.
We downloaded and formatted the AlphaFold structure predictions for 3062 of the remaining 3080
proteins. The other 18 proteins did not have a complete structure deposited in AlphaFold DB
(Tunyasuvunakool et al., 2021; Varadi et al., 2021). As a reference dataset for our benchmark, we

obtained direct IDR estimates for all proteins from IUPred2A (https://iupred2a.elte.hu/) (Mészéros et

al., 2018).

RSA values for all amino acids of the benchmarking proteins were calculated using DSSP from
Bio.PDB (version 1.79) using default parameters (Hamelryck and Manderick, 2003). Similar to Beltrao
and colleagues, we applied a local smoothing of both the pLDDT and RSA values by averaging along

the sequence with a window size of 5, 10, 15, 20 and 25 amino acids (Akdel et al., 2021).

To evaluate the ability of our pPSE metric to predict IDRs, we calculated the pPSE values of all
amino acids with different parameter settings. Given the goal of finding IDRs, we chose a constant
angle term of 180°. This corresponds to the full sphere exposure, which is independent of side chain
orientation. For the distance, we screened over multiple parameters including 12 A, 16 A, 20 A, 24 A
and 28 A. pPSE values were calculated both with and without considering the PAE. Similar to the pLDDT
and RSA values, pPSE values were also smoothed by averaging along the sequence with a window size

of 5, 10, 15, 20 or 25 amino acids.

The performance of IUPred2, pLDDT, RSA and pPSE in predicting IDRs was evaluated based on the
AUC and TPR at 5% FPR, when screening over different scoring thresholds. The best results in this

analysis were obtained by the pPSE metric when considering PAEs and a distance threshold of 24 A.
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Here, a smoothed pPSE < 34.27 obtained a TPR of 85% at a FPR of 5%. IDR prediction for our proteome

wide analysis was therefore performed based on these parameters for pPSE calculation.

For evaluating the benchmark analysis, it is important to keep in mind that the annotations of
structured regions and IDRs in the benchmark dataset were unfortunately not associated with a
specified amino acid sequence, but only with sequence positions. While this should be correct for
most proteins, there might be some differences between the original sequences for which the IDRs
were predicted and the sequences used to predict structures by AlphaFold, thus potentially leading to

slight inconsistencies.

All data and code for the IDR benchmark analysis will be available as a Jupyter notebook.

Definition of short IDRs

The goal of our ‘short IDR’ detection strategy was to find flexible regions that are embedded into
large folded domains. We defined short IDRs as amino acid stretches that we predicted to be IDRs and
that comprise maximally 20 residues sandwiched between two flanking structured regions of at least
80 amino acids. Based on our strategy to identify IDRs by a sliding average of the pPSE exposure, some
short IDRs only contain very few amino acids that reach the threshold to be classified as IDRs. To
account for this effect, we introduced the extended regions of five amino acids on either side of short
IDRs. We further expect the extension of short IDRs to be very beneficial in identifying potentially
interesting PTMs, given that modifications on residues directly next to a flexible region could also

affect its 3D conformation.

pPSE parameters for estimating amino acid side chain exposure

The pPSEs for side chain expose estimation were calculated based on a distance threshold of 12 A
and an angle of 70°. These values were chosen based on considerations about the average size of
amino acids of approximately 3.5 A and side chain flexibility around the direction of the beta carbon.
Visualization of the resulting pPSE values showed expected patterns, as can be seen in Figure 1A

(middle):

- Amino acids at the core of the protein fold have the highest pPSE values.
- Beta sheets have an alternating pattern of high and low exposure sites.
- Outwards-facing amino acids of alpha-helices have a higher exposure than inwards-facing

sites.
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- Amino acids in badly predicted sequence regions (e.g. the tailing sequence) have a pPSE value

close to zero.

To categorize amino acids into low versus high exposure, we selected a pPSE threshold of 5. This
means that amino acids with a pPSE < 5 were considered to have a high exposure. Supplementary
Figure 1B illustrates the distribution of pPSE values across all amino acids in structured protein regions

(non-IDRs).

PTM enrichment analyses

All enrichment analyses were performed using the two-sided Fischer’s exact test available in
scipy.stats version 1.7.1 (Virtanen et al., 2020). P-values were subsequently adjusted for multiple
testing (Benjamini and Hochberg, 1995) using statsmodels.stats.multitest.multipletests version 0.13.0

(Seabold and Perktold, 2010).

Motif analysis with PSSMMatch

The kinase specific phosphosites were extracted from Supplementary Table S2 from Sugiyama et
al. (Sugiyama et al., 2019). UniProt IDs were matched to UniProt accessions and the sequence windows
corresponding to +£ 6 amino acids around each phosphosite were extracted from the current human
protein fasta file (version: 2021_03, downloaded on 02.08.2021). Any sites not matching the expected
phosphoacceptor residue were removed from the analysis. For each selected kinase, targeted

sequence windows were filtered as follows:

1) All reported sequence windows with a phosphosite pPSE < 5. The number of resulting
sequence windows is defined as Nexposed-

2) All reported sequence windows with a phosphosite pPSE > 5. The number of resulting
sequence windows is defined as Nnot-exposed- Usually, Nexposed > Nnot-exposed-

3) A randomly selected subset of size Npotexposed Of the reported sequence windows with a

phosphosite pPSE < 5.

Motif analysis was subsequently performed using the PSSMSearch tool for each of the three sets
of sequence windows by selecting ‘log odds’ as scoring method (Krystkowiak et al., 2018; O’Shea et

al., 2013).
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Gene ontology enrichment analysis with DAVID

All gene ontology enrichment analyses presented herein were performed on the DAVID platform

version 6.8 (Huang et al., 2009a, 2009b).

For the enrichment analysis of proteins with short IDRs, we compared the 2454 proteins with short
IDRs against the background of all 20053 human proteins with available structural information. Direct
Gene Ontology terms of the ‘Molecular function’ category were considered. Filtering was set to an

FDR threshold of 0.01, a minimum fold enrichment of 2 and a minimum count of 10.

PTM import from PhosphoSitePlus

Lists of PTMs were downloaded from PhosphoSitePlus on 01.08.2021 (Hornbeck et al., 2015). PTM
types include phosphorylations (p), ubiquitinations (ub), sumoylations (sm), acetylations (ac),
methylations (m) and the glycosylations O-GalNAc (gl) and O-GIcNAc (ga). Additionally, the set of
regulatory PTMs was downloaded and filtered for the modifications mentioned above. For each PTM
type, sites were filtered for a selected set of the most common acceptor residues as follows:

- p:S,T,Y

- ub,smandac: K

- m:K, R (Note: all types of methylations were grouped together)

- gagls, T
In rare cases where regulatory sites were reported for a specific PTM type, but no matching entry was
found in the according dedicated PTM list, these sites were added there.

The data processing of PhosphoSitePlus data will be available as a Jupyter notebook.

Global PTM proximity analysis

In our global PTM proximity analysis we investigated whether PTM acceptors near a modified
amino acid residue are more frequently observed to also be modified compared to more distant
residues or random expectation, a concept previously introduced by Beltrao et al. (Beltrao et al.,
2012). Here we extended the concept to evaluate PTM proximity in 3D space and to assess both
individual PTM types and PTM co-occurrence. Starting from a set of observed modifications, e.g.
phosphorylations, we calculate the 3D distance to all observed modifications of either the same type,
e.g. also phosphorylations, or of a different type, e.g. ubiquitinations. Importantly, we consider the

positional uncertainty of AlphaFold predictions by adding the PAE to each distance. We also generate
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5 random permutations, where the same number of modifications are distributed randomly across all
possible acceptor residues. Finally, we select distance bins and count the number of modified residues
in each of these bins for both the real observations and the randomized background. To ensure that
unstructured regions do not bias the results, only structured regions and short IDRs were considered

in this analysis (i.e. we removed all IDRs stretching more than 20 amino acids).

For PTM self-proximity we started distance bins at 1 A ranging up to a maximum of 35 A in step
sizes of 5 A. For PTM co-localization analysis, we started distance bins already at 0 A to enable the
evaluation of competition for the same site, especially between different lysine modifications such as

ubiquitination, sumoylation and acetylation.

Per protein PTM cluster analysis

To find proteins with a significant co-localization of PTMs, we calculated all pairwise distances
between the alpha carbons of modified acceptor residues. The matching PAE provided by AlphaFold
was added to each calculated distance to account for positional uncertainties. The average distance
was subsequently compared to the average distances of 10,000 random permutations among the
modified acceptor residues, thus resulting in empirical p-values. These p-values were adjusted for
multiple testing (Benjamini and Hochberg, 1995) using statsmodels.stats.multitest. multipletests

version 0.13.0 (Seabold and Perktold, 2010).

Protein structure visualization with AlphaMap

The 3D structure visualization in AlphaMap was implemented by integrating a Mol* Viewer

(Sehnal et al., 2021). Code was adapted from https://github.com/molstar/pdbe-molstar.
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4 Discussion and Outlook

Mass spectrometry is the gold standard for the unbiased and system-wide interrogate
of whole proteomes. Ongoing developments and improvements of sample preparation
procedures, instrumentation and analysis software enable the analysis of proteomes at
increased depth and speed. Here, | generally use “proteome’as an umbrella term
describing groups of canonical proteins rather than the complex composition of their
many proteoforms. However, state-of-the-art mass spectrometry has the power to report
individual proteoforms, dramatically expanding the informational content of MS-based
proteomics [199]. An increasing awareness of the biological implications evoked by
different proteoforms of a protein has led to a growing interest in the analysis of
proteomes resolved on proteoform level.

In this thesis, | developed and applied various methods and strategies to identify
proteoforms characterized by PTMs on the global and individual protein levels. My major
focus was the establishment of a robust DIA strategy for ubiquitinome analysis. The
development of a sophisticated DIA-based workflow enabled an unprecedented depth
of ubiquitinome analysis allowing the identification of 35,000 diGly peptides in a single
measurement. We found that compared to standard label-free DDA, DIA almost doubles
the number of identified diGly peptides, while improving quantitative accuracy and data
completeness. Robust identification and quantification also allowed the investigation of
ubiquitination throughout the circadian rhythm unveiling hundreds of cycling
ubiquitination sites. DIA for ubiquitinome analysis clearly is a powerful alternative to DDA
approaches and the workflow presented here can readily be adapted for other antibody-
based enrichment procedures. Further improvements of various aspects of the workflow
hold great promise to enable an even more powerful pipeline for high-throughput
automated, high sensitivity ubiquitinome analysis. For instance, development of
alternatives to the classically used diGly remnant-specific antibody such as nanobodies
or aptamers could increase enrichment efficiencies. Recently, the diGly-specific
antibody has also become commercially available on magnetic beads, which promises
lower peptide background binding and furthermore facilitates workflow automation on
robotic platforms. In fact, the DDA-based UbiFast protocol uses these magnetic beads
and demonstrates automatic diGly peptide enrichment in combination with TMT labeling
[200]. However, that protocol relies on cleaned up peptides and thus still requires
manual sample processing and peptide cleanup steps upfront. The removal of these
manual steps would make the workflow more robust, streamlined and would reduce

sample loss. Sample multiplexing through chemical labeling strategies such as TMT
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could reduce measurement time, thus increasing sample throughput. DIA, however, is
not compatible with labeling strategies that rely on reporter ions in the low m/z mass
range. Here, the EASI-tag labeling strategy is an appealing alternative to the
aforementioned chemical labeling approach, and would also allow the multiplexing of
samples with our DIA workflow for ubiquitinome analysis [94]. Furthermore, the LC-MS
setup can also be improved. Novel LC platforms, such as the Evosep One reduce
overhead time between individual measurements and work with pre-formed and highly
reproducible gradients [201]. The combination of the Evosep system with our in-house
packed columns produces high quality chromatographic peak separation. However, the
bead bed between packed columns is not entirely consistent and may also change
during extended column use, leading to somewhat variable peak separation and a
reduced reproducibility. The use of pPac columns with their standardized column
architecture is an interesting alternative to reduce chromatographic variance between
measurements [42]. In addition, the integration of ion mobility (IM) for peptide separation
enhances peptide resolving power. Especially diGly peptides, which are on average
longer and have a higher charge state, are prone to show a different behavior in the IM
space than unmaodified tryptic peptides. We successfully deployed IM separation with
the FAIMS device to construct extensive spectral libraries for DIA measurements. In my
opinion, IM separation on TimsTOF instruments operated in the DIA-PASEF mode [54]
are highly interesting for diGly peptide measurements. In contrast to the FAIMS device,
the ion loss during measurements can be reduced to a minimum by the parallel
accumulation on the PASEF mode. Furthermore, due to the distinct features of diGly
peptides in the IM space these peptides can preferentially be targeted for data
acquisition, reducing the sampling of unmodified peptides. DIA approaches previously
used to require extensive spectral libraries for high performance, which is often not
feasible when biological sample amounts are limited. Recent advances in analysis
software, however, greatly improved library free DIA analysis [79], and in my recent
results library-based and library-free analysis for ubiquitinome analysis perform almost
at par. In view of these extensive possibilities for further workflow improvements, the
study presented in this thesis only marks the beginning of further exciting developments
for DIA-based ubiquitinome analysis.

To understand the implications of protein modification, it is often essential to identify and
guantify the specific site of modification. Although this can be achieved through system-
wide approaches, targeted MS assays or MS in combination with in vitro modification
assays often provide more information. The design and establishment of such
experimental approaches requires optimization, because peptides greatly vary in their

chromatographic and ionization behavior and detectability. More robust chromatography
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as well as peptide ‘flyability’ prediction would greatly facilitate the establishment of such
methods [202, 203]. In contrast to the mere identification of modification sites that are
provided by standard MS analysis tools, further tools highlighting the location of
modifications on the linear or 3D protein structure would be helpful to interpret observed
modification sites in regard to the protein structure. To this end, the StructureMap tool
from our lab, which uses predicted protein structures of AlphaFold, greatly helps to
obtain such structural context. Future integration of information on PTMs for the
prediction of the structure of modified proteins will definitely help to understand the
impact of PTMs on protein regulation.

Post-translational modification of proteins not only allows the regulation of individual
protein function, but also the fine tuning of cellular or organellar signaling networks. To
help to understand how mitochondria regulation is orchestrated throughout different
cellular environments, we assessed the mitochondria composition of 7 different mouse
tissues on proteome and phosphoproteome level. This resource portrays known
mitochondrial differences as well as novel unknown regulations and broadens our
knowledge of differential mitochondria phosphorylation, although the functional
relevance of individual phosphorylation sites are yet to be determined. Such studies on
mitochondrial proteomes and phosphoproteomes rely on efficient enrichment of
mitochondria, for which density centrifugation and MitoTags have successfully been
deployed [181]. We found that the fraction of non-mitochondrial proteins after
enrichment strongly depends on the tissue of origin and it will be interesting to see if
these different proportions are enrichment artefacts or based on more diverse
mitochondrial interactions with their cellular environment. Of note, the reported
mitochondrial differences are based on tissue pieces without further discrimination of
different cell types contained within these samples. Future studies investigating distinct
cell types within a tissue for their mitochondrial phosphoproteome will shed new light on
the differential regulation of mitochondria through protein phosphorylation.
Post-translational modifications are crucial for the regulation of cellular homeostasis and
their dysregulation can cause a multitude of diseases. Intervening in dysregulated PTMs
has already proven to be an essential strategy for the treatment of cancers. Kinase
inhibitors such as Imatinib and Gefitinib are first-line treatments for Chronic
myelogenous leukemia (CML) and non-small cell lung carcinoma (NSCLC), respectively
[204]. Similarly, compounds such as PROTACs or molecular glues that use E3 ligases
for the degradation of protein targets are being investigated in clinical trials for the
treatment of malignancies [205]. To understand the full effect of drugs targeting the
regulation of PTMs, it is essential to investigate the corresponding effects on the PTM

landscape on a large as well as small scale to fully appreciate the biological implications
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of these drugs. This could prevent the occurrence of adverse effects, and may also
unveil opportunities for the treatment of further malignancies. Moreover, PTM sites might
be used as diagnostic biomarkers for the early identification of disorders — as was shown
by Ozge Karayel in our group for phosphorylated Rab10 in the context of stratification
and treatment of Parkinson’s disease carrier [206]. In summary, MS-based proteomics
is at the heart of such investigations and | hope that the work provided in this thesis will
help to deepen our understanding of post-translational modifications in health and

disease.
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TCEP tris(2-carboxyethyl)phosphine
IAA iodoacetamide
CAA chloroacetamide
StageTips STop And Go Extraction tips
SDB-RPS styrenedivinylbenzene - reversed phase sulfonate
SDC sodium deoxycholate
DIA data-independent acquisition
FIA Flow injection analysis
HETP Height equivalent to a theoretical plate
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Tims trapped ion mobility spectrometry
IM lon mobility
FAIMS high-field asymmetric waveform ion mobility spectrometry
PASEF parallel accumulation—serial fragmentation
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