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Abstract

The post-translational modification by the small modifier ubiquitin regulates virtually all
cellular processes and is indispensable for protein homeostasis, cell proliferation and
cell survival. In recent years, a plethora of mass spectrometry-based methodologies
have been developed to elucidate ubiquitin targets, their individual modified sites and
cellular ubiquitin chain architectures. Further, studies aimed to get a holistic insight into
the modifications by the ubiquitin-like proteins Nedd8, ISG15 and SUMO.

However, current studies employ either very complex strategies to discern between
modifiers, which are often conflated due to their primary sequence similarities, or
disregard their conflation altogether.

The characterization of several members of a novel class of deubiquitinating enzymes
of bacterial origin paved the way to utilize them in mass spectrometry-based studies of
ubiquitin and ubiquitin-like modification systems. These enzymes ‘clip’ within the
modifiers C-terminus, leaving a GlyGly-remnant at the modification sites. Due to their
unusual mode of action, these enzymes were termed clippases. One of the
characterized enzymes is BpJOS from Burkholderia pyrrocinia, which exhibits
exceptionally high activity against ubiquitin while acting promiscuously on all ubiquitin
chain types. On top, BpJOS is inert against the modifier ISG15.

Based on the activity of BpJOS, two different mass spectrometry-based methodologies
were developed to fill in the gaps left by the currently available, established protocols.
First, the easy-to-apply method termed ‘Clippomics’ was conceptualized. This method
allows for the distinguishment between ubiquitin and ISG15 sites in complex samples
upon in-parallel treatment with the published 1SG15-targeting clippase Lbpro.
Moreover, BpJOS treatment alone enables specifically the identification of ubiquitin
sites in presence of ISG15. By that, the shifts in the ubiquitome upon
interferon-stimulation, as occurring under infection conditions, were studied. Both
applications serve as proof-of-concepts for their use in ensuing studies, as the
‘Clippomics’ method makes further genetic manipulation for the distinguishment of
ubiquitin and ISG15 dispensable and can be used on a wide array of samples.
Second, BpJOS was utilized for the investigation of ubiquitin chain linkages in in vitro
studies. The ‘Ubi clipping with BpJOS’ methodology is inspired by the ‘Ub-clipping’
approach utilizing Lbpro. The clippase-generated GlyGly-remnants by treatment of
ubiquitin chains allow for the in-depth characterization of present chain linkages and
architectures. This process is optimized by the high activity of BpJOS against ubiquitin
compared to the published Lbpro clippase.

Taken together, BpJOS was identified as a powerful, multi-faceted tool for the
elucidation of ubiquitin and ubiquitin-like modifications. Both developed methodologies
harbor great potential to significantly contribute to the research field of modification
systems.



Introduction

1 Introduction

1.1 Ubiquitin

Discovered in 1975, the 8.5kDa small protein ubiquitin was soon found to be a
universal constituent of living cells (Goldstein et al., 1975). First wrongly assigned to
be present in bacteria as well, it was discovered to be exclusively present in
eukaryotes. In the ensuing years, ubiquitin was found to be covalently attached to
histone H2A, whereby the first ubiquitin substrate was identified (Hunt & Dayhoff, 1977;
Levinger & Varshavsky, 1980). Shortly after, ubiquitin was discovered to be covalently
linked to ATP-dependent proteolysis factor 1 (APF-1), which was followed by its
proteolytic breakdown (Ciechanover et al., 1980; Ciehanover et al., 1978). These
findings established ubiquitin as a protein modifier and a cellular signaling platform.
Ubiquitin is highly conserved across eukaryotic organisms and present in virtually all
cellular compartments, cell types and tissues. This high degree of preservation and
ubiquitous presence demonstrates its pivotal role in living cells. The crystal structure
of ubiquitin was solved in 1987 and gave opportunity to biochemically study its
functions as a modifier (Vijay-Kumar et al., 1987). The 76 amino acid ubiquitin protein
harbors a compact globular fold, a flexible C-terminus and seven internal lysine
residues (Figure 1B,C).

C-terminus

O

MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG
1 6 1 27 29 33 48 63

Figure 1: Crystal structure and primary sequence of ubiquitin. A) The structure of ubiquitin
(PDB:1UBQ) is given in cartoon representation with the location of the N-terminus and
C-terminus. B) The ubiquitin structure as shown in A) with additional presentation of its
N-terminal Met1 and seven internal Lys residues shown as sticks and colored by atoms
(nitrogen: blue, sulfur: yellow). C) Primary amino acid sequence of ubiquitin. The N-terminal
Met1 is shown in blue, the seven Lys residues in red with their respective position.
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Hershko and Heller first discovered the formation of polyubiquitin chains composed of
ubiquitin linked to the amino group of another ubiquitin molecule in human
erythrocytes. The degradation of the lysozyme substrate was facilitated by the
presence of the polyubiquitin chains at the protein target (Hershko & Heller, 1985).
Studies in yeast later demonstrated the formation of an array of polyubiquitin chains
formed by the seven internal lysine residues in ubiquitin in vivo (Peng et al., 2003). In
yeast and humans, four genes encode ubiquitin as ubiquitin tandems or
ubiquitin-ribosomal protein fusions, which further exemplifies the high degree of
conservation (Finley et al., 1989; Ozkaynak et al., 1987; Wiborg et al., 1985). These
ubiquitin precursors are processed by specific enzymes originally termed Ubiquitin-
specific processing proteases (UBPs). Nowadays, the processing enzymes are
referred to as a specific class of deubiquitinases (DUBs). These enzymes cleave the
fusion off and the ubiquitin tandems into single moieties (Bachmair et al., 1986; Finley
et al., 1989). Thereby, monomeric ubiquitin moieties are provided to the cell as a
substrate for modifications of other proteins. Ubiquitin is covalently attached to
substrates and ubiquitin itself for the formation of polyubiquitin chains in a mechanism
termed ubiquitination.

1.2 Ubiquitination

The tightly regulated process of ubiquitination controls a multitude of cellular functions
and is essential for the maintenance of cellular physiology. Beyond the well-established
role in protein degradation (Ciechanover et al., 1984; Ciechanover & Schwartz, 1998;
Finley et al., 1984), it regulates the cell cycle (Goebl et al., 1988), DNA repair (Jentsch
et al., 1987) and translational regulation (Hochstrasser & Varshavsky, 1990) amongst
other functions.

Ubiquitination describes a post-translational modification by the covalent attachment
of ubiquitin onto substrates and ubiquitin itself by ‘writer’ enzymes. The multi-step
cascade is mediated by three major components of the ubiquitin system: the
ubiquitin-activating enzyme E1, the ubiquitin-conjugating enzyme E2 and the ligation
enzyme E3 (Hershko et al., 1983). First, the E1 enzyme catalyzes the adenylation of
the ubiquitin C-terminus in an ATP-dependent process. The resulting ubiquitin-AMP
product reacts with the catalytic cysteine of the E1 enzyme, which leads to a thioester
formation (Haas & Rose, 1982; Figure 2). Upon recruitment of an E2 enzyme, the
E1-loaded ubiquitin moiety is transferred onto the E2 catalytic cysteine via another
thioester bond (Hershko et al., 1983). Lastly, the ubiquitin transfer onto a substrate or
to another ubiquitin is mediated by E3 ligases by diverse mechanisms.

The human genome encodes two E1 enzymes (UBA1, UBAG), ~40 E2 and over 600
E3 enzymes (Middleton & Day, 2023). The E3 ligation enzymes are subdivided into
several classes including RING/U-box (>300), HECT (28), RBR (14) and RCR (1)
(Clague et al., 2015; Pao et al., 2018; Purser et al., 2023).
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RING (really interesting new gene) ligases and RING-like U-box proteins, both hereon
after referred to as RING ligases, act as a scaffold by bringing the ubiquitin-loaded E2
and the substrate in close proximity (Figure 2). Upon binding of the E2 to the E3, the
E2 is allosterically activated for transferring ubiquitin onto the substrate (Ozkan et al.,
2005). Therefore, RING ligases catalyze the direct ubiquitin transfer from the E2 and
do not form ubiquitin intermediates in contrast to the remaining E3 ligase classes. One
prominent subgroup of the RING E3 class are the multi-subunit complex
Cullin-RING-ligases (CRLs; Feldman et al., 1997; Skowyra et al., 1997). CLRs are
modular assemblies composed of a scaffold protein (Cullin 1-9), a RING finger subunit
(RBX1/2) and interchangeable adaptor and substrate binding proteins (Ebadi et al.,
2025).

Cys

E2
a-a

Cys Cys
E2
—> —b— —>

HECT E3 HECT E3

ATP AMP+PPi
C Cys

o u, E1 E2
Ubiquitin Cys

RBR E3 RBR E3
Ecés Cys /1 Cys Cy
—> —> —>
RCR E3 RCR E3

Figure 2: Overview of the ubiquitination cascade. Ubiquitin is activated by E1 enzymes (light
green) under ATP hydrolysis. Activated ubiquitin-AMP reacts with the E1 catalytic cysteine and
is subsequently transferred onto the catalytic cysteine of the ubiquitin conjugating enzyme E2
(yellow). The transfer of ubiquitin onto the substrate can occur in four basic pathways determined
by the E2/E3 complex. RING E3 ligases (dark green) link the E2-bound ubiquitin and the
substrate, thereby mediating direct ubiquitin transfer. HECT E3 ligases (red) bind the E2 at the
HECT domain N-lobe (N), which transfers the ubiquitin onto the C-lobe (C). The substrate is
then ubiquitinated by the HECT E3. For RBR ligases (purple), the RING1 (R1) domain binds the
E2, which deposits the ubiquitin onto the RING2 (R2) domain. The domains are linked by an
IBR (in-between-RING) domain. The RBR ligase binds the substrate with a domain close to the
R2 and ubiquitinates it. RCR ligases (blue) bind the E2 at the RING domain, which is followed
by the ubiquitin transfer on one cysteine residue within the TC (tandem cysteine) domain.
Subsequently, the ubiquitin is relayed onto another cysteine before deposition onto a threonine
residue within the substrate. The ubiquitination process can be iterated for the formation of
polyubiquitin chains on the substrate.



Introduction

The conserved HECT-domain in HECT (homologous to the EGAP carboxyl terminus)
E3 ligases is comprised of the N-lobe, which binds the ubiquitin~E2 complex, and a
C-lobe carrying the catalytic cysteine (L. Huang et al., 1999). The two lobes are
connected by a flexible linker. Upon E2 interaction, the ubiquitin is transferred onto the
catalytic cysteine in the C-lobe via trans-thiolation. Thereby, a ubiquitin~E3 thioester
intermediate is formed. After release of the E2, ubiquitin is ligated to the recruited
substrate by the HECT E3 (Kamadurai et al., 2013).

RBR (RING-IBR-RING) ligases exhibit some similarities to the activity by RING and
HECT E3 ligases. They comprise two RING domains, RING1 and RING2, and a central
in-between-RINGs (IBR) zinc-binding domain (Zheng & Shabek, 2017). Similar to
RING E3 ligases, the RBR RING1 domain binds the ubiquitin~E2 conjugate.
Subsequently, the ubiquitin is transferred from the E2 onto the catalytic cysteine in the
RING2 domain forming a thioester intermediate as for HECT ligases (Wenzel et al.,
2011). Lastly, the ubiquitin transfer is completed by ligation onto the substrate, which
is bound at a substrate recognition domain. One well-studied RBR ligase is PARKIN,
which regulates mitophagy and mitochondrial quality control (Walden & Martinez-
Torres, 2012).

Usually, substrates are modified at lysine residues. However, in recent years several
studies revealed non-lysine ubiquitination at cysteine residues (Okumoto et al., 2011),
serine or threonine residues (Kelsall et al., 2019), even in ubiquitin itself (McCrory et
al., 2022).

A newly discovered class of E3 ligases are the RCR (RING-Cys-Relay) type enzymes.
They operate in an unconventional way as the ubiquitin is relayed from the E2 onto
two conserved cysteine residues within their tandem cysteine (TC) domain. From the
second cysteine residue the ubiquitin is transferred onto a threonine residue of the
substrate (Pao et al., 2018). So far, the only member of this class is MYCBP2 with
implications of being important for neural development (Mabbitt et al., 2020; Pao et al.,
2018). Another just recently identified class of E3 enzymes are the RZ ligases, which
utilize a non-canonical zinc-binding RZ (RNF213-ZNFX1 finger) domain to conjugate
ubiquitin via an active-site cysteine residue (Kelsall, 2022; Otten et al., 2021).

Most E3 ligases target proteinaceous substrates for ubiquitination. However, apart
from proteins, recent studies revealed an emerging role of ubiquitination of other
biomolecules. For example, RNF213 ubiquitinates lipopolysaccharides (LPS) of
intracellular Salmonella bacteria to restrict bacterial infection (Otten et al., 2021).
Furthermore, the RBR ligase HOIL1 is able to target sugars for ubiquitination (Kelsall
et al., 2022). Ongoing studies on novel ubiquitination substrates will uncover more
targets in the foreseeable future.

The high complexity of writer enzymes in the ubiquitin system aligns with the great
scope of targeted substrates and generated ubiquitin modifications. The ubiquitination
process results in mono- or multi-mono-ubiquitination of the substrate, if one or multiple
residues are modified by one ubiquitin moiety. When the monomeric ubiquitin modifier
is subjected to another rounds of ubiquitin additions, polyubiquitin chains are formed.
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1.3 Ubiquitin chains

The diverse molecular functions of ubiquitination are determined by its modification
topology, often referred to as the ‘ubiquitin code’ (Komander & Rape, 2012).
Mono-ubiquitination is known to serve as a recruiting factor in DNA damage response
by ubiquitination of Proliferating cell nuclear antigen (PCNA), leading to the recruitment
of Y family polymerases (Hoege et al., 2002). Responses to DNA damage were further
attributed to mono-ubiquitination on histone H2A (Bergink et al., 2006). However,
mono-ubiquitination of histones serves to regulate transcription and chromatin
structure as well (J. Kim et al.,, 2009; W. Zhou et al., 2008). The simultaneous
decoration of a substrate with multiple ubiquitin moieties at different residues, termed
multi-mono-ubiquitination, was reported for several targets. One example is the
epidermal growth factor receptor (EGFR), a receptor tyrosine kinase. EGFR undergoes
multi-mono-ubiquitination for receptor internalization and lysosomal degradation upon
ligand binding (Haglund et al., 2003).

The multitude of functions mediated by ubiquitination is expanded by the formation of
different polyubiquitin chains (Figure 3). The seven internal lysine (Lys) residues and
the N-terminal methionine (Met1) residue can typically be utilized for chain generation
via formation of new (iso)peptide bonds. Due to the different linkage types, ubiquitin
chains adopt different conformations. Chains linked by Lys6, Lys11 and Lys48 take up
a closed conformation, while Met1 and Lys63-linked chains occupy an extended
conformation (Komander & Rape, 2012).

Ubiquitin chains

(Multi-) K6 K11 K27 K29 K33 K48 K63 M1 Mixed Branched
monoubiquitination

Substrate

Figure 3: The different topologies of ubiquitin modification. Substrates can be modified
with one or multiple ubiquitin moieties at different residues resulting in mono- or
multi-mono-ubiquitination. Mono-ubiquitination can be expanded with additional ubiquitin
molecules by modifications at the seven internal lysine residues (K6, 11, 27, 29, 33, 48, 63) or
the N-terminal methionine residue (M1). By that, homotypic chains (linked by one type of
linkage) or heterotypic chains can be formed. The latter chain type comprises different linkage
types (mixed) or are made of branched ubiquitin chains, in which one ubiquitin moiety is linked
to (at least) two other moieties.
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Homotypic chains are composed of one linkage type, for example Lys48-linked
ubiquitin molecules. Modifications by K48-linked chains are the most extensively
studied chain as they were the first identified chain type while simultaneously being
highly abundant in cells (Chau et al., 1989; Kaiser et al., 2011). Substrates decorated
with K48-linked chains are typically targeted for proteasomal degradation. The
recognition of K48-ubiquitin chains by receptor sites at the proteasomal 19S subunits
Rpn10 and Rpn13 connects it to the ubiquitin proteasome system (UPS; Husnjak et
al., 2008). By this system, misfolded or dysfunctional proteins are converted to and
broken down by the proteasome (Grice & Nathan, 2016; Peth et al., 2010).

Modifications with K63-linked chains serve a plethora of signaling pathways, such as
lysosomal degradation, endocytosis, kinase activation and innate immune signaling.
Besides the aforementioned induction of DNA repair mechanisms by
mono-ubiquitination of PCNA and histones, RNF8 builds K63-linked chains on H2AX
upon genotoxic stress to facilitate the recruitment of repair factors (Huen et al., 2007;
Ma et al., 2011). During endocytosis, ubiquitin chains on CD4 were shown to act as a
sorting signal in the endosomal sorting machinery, whereby K63-linked ubiquitin
modification resulted in its lysosomal degradation (Barriere et al., 2007). Moreover,
during innate immune signaling via the Nuclear factor-kB (NF-kB) pathway, the signal
transducer TRAF6 forms K63-ubiquitin chains and thereby activates the IkB kinase
(IKK; Deng et al., 2000). IKK is composed of two catalytic subunits, IKKa and IKK,
and a regulatory subunit named NF-kB essential modulator (NEMO). Upon activation,
IKK phosphorylates the inhibitor of NF-kB, IkBa, leading to its proteasomal degradation
by K48-linked ubiquitin chains. This triggers the activation of NF-kB proteins p50 and
p65 to translocate to the nucleus and induces anti-apoptosis and inflammatory
responses (Smit et al., 2013; Tokunaga & Iwai, 2009). The K63-linked chains formed
by TRAF6 recruit the linear ubiquitin chain assembly complex (LUBAC; Goel et al.,
2023). The LUBAC complex is composed of Heme-Oxidized IRP2 ubiquitin Ligase 1
(HOIL1), HOIL-1 interacting protein (HOIP) and Sharpin (Kirisako et al., 2006). Linear
ubiquitination on NEMO facilitates IKK activation and thereby further drives the
canonical NF-kB pathway. LUBAC is the only known ubiquitin ligase capable of
producing linear chains in cells and is mainly associated with immune responses. Apart
from NEMO, several other substrates of LUBAC have been identified, including the
DUB CYLD (Elliott et al., 2016) and regulator of TNF-mediated apoptosis RIPK1
(Fuseya et al., 2020). Further implications for LUBAC are the antibacterial defense
during infections by coating cytosolic bacteria with linear chains for autophagic
clearance as shown for Salmonella typhimurium (van Wijk et al., 2017). This selective
antimicrobial macroautophagy mechanism is referred to as xenophagy (Hu et al.,
2020).

Besides linear chains, K6-linked and K27-linked chains formed by LRSAM1 are
involved in the xenophagic clearance of Salmonella, demonstrating the various host
coping mechanisms (Huett et al., 2012). Lysine-6 ubiquitin chains are also associated
with mitophagy (Michel et al., 2017) but further functions are yet under investigation.
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The most elusive linkage types remain K29- and K33-linked chains as limited data is
available, but studies report on affiliations to epigenome integrity (Arroyo-Gomez et al.,
2025) and protein trafficking (H. Huang et al., 2010).

Ubiquitin chains linked by K11-linked are highly upregulated in mitotic cells suggesting
a role in cell cycle progression. In specific, the decoration of cell-cycle regulators with
K11-chains targets them for proteasomal degradation (Matsumoto et al., 2010).

The abundance of the numerous ubiquitin modifications differs in tissues and cell types
as shown by Kaiser et al. In tested HEK293 cells ~65% of ubiquitin was present as
monoubiquitinated substrates, ~23% as free ubiquitin and ~11% as polyubiquitin
chains. The reported chain type abundances revealed a ratio of K48>K63>K11 with
the remaining linkages K6, K27, K29 and K33 amounting to less than 1% (Kaiser et
al., 2011). A study conducted in yeast showed similar results with K48 and K63 linkages
being predominant, and the abundance of other linkages were at a proportion of
K29 > K11 > K6 > M1 = K27 = K33 (Tsuchiya et al., 2018).

To add to the complexity of ubiquitin chains, they can adopt other architectures like
branched chains. For branched chains, one ubiquitin moiety is simultaneously linked
to at least two other moieties (Figure 3). Studies showed that K11/K48-branched chains
could accelerate the substrates turn over by proteasomal degradation compared to
K48-chains alone. This was demonstrated by the stronger binding affinity of K11/K48
branches chains to the proteasomal subunit Rpn1 (Boughton et al., 2020). During
NF-kB signaling, the E3 ligase HUWE1 generates K48 branches on K63 chains formed
by TRAFG, yielding K48/K63 branched chains. The generated chains are protected
from degradation by CYLD, which further amplifies NF-kB signaling (Ohtake et al.,
2016).

In contrast to branched chains, mixed chains are composed of different linkage types
without branching but by elongation of existing chains by another type. One example
are K63/M1 mixed chains in innate immune signaling. Priming of Interleukin-1 receptor
(IL-1R)-associated kinase (IRAK) with K63 chains is followed by chain extension via
M1-linked chains produced by LUBAC, which facilitates the recruitment of the NF-kB
machinery (Emmerich et al., 2013).

These findings demonstrate the multitude of possible ubiquitin chain topologies and
their various implications for the cell. This collective knowledge of the various chain
types will be expanded in the upcoming years by emerging, new approaches. Ubiquitin
signaling in its diverse functions is mediated by defined interaction sites within the
ubiquitin structure.

1.4 Ubiquitin recognition

Ubiquitin is recognized by binding partners through diverse ubiquitin-binding domains

(UBDs). UBDs include the Ubiquitin Interacting Motif (UIM) and the Ubiquitin Binding

Motif (UBM) amongst others. They are modules within proteins of the ubiquitin system,
7



Introduction

which utilize the UBDs for ubiquitin interaction through several interaction sites
(Randles & Walters, 2012). The small, globular ubiquitin structure constitutes a B-grasp
fold consisting of five B-strand sheets, a central a-helix and another short a-helical
segment (Vijay-Kumar et al., 1987). The B-sheets expose three hydrophobic residues
on the surface (Leu8, lle44, Val70; Figure 4A). This hydrophobic triad forms a
hydrophobic area termed the lle44-patch, which is contacted by the majority of UBDs.
The adjacent positively charged His68 residue contributes to the interaction surface by
providing an additional site for non-covalent bonds with UBDs (Komander & Rape,
2012).

A) lle44-patch B) lle36-patch ) Phe4-patch

N-terminus

___N-terminus

C-terminus

C-terminus C-terminus

Figure 4: Interaction surface patches in ubiquitin. Given is the ubiquitin structure with three
different interaction sites (PDB:1UBQ). The corresponding amino acids are shown as sticks
and colored by atoms (nitrogen: blue, oxygen: red). A) The lle44-patch. The constituents of
the lle44-patch include Leu8, His68 and Val70 besides lle44. B) The lle36-patch comprises
lle36, Leu71 and Leu73 located close to the C-terminus. C) The Phe4-patch is formed by GIn2,
Phe4, and Thr12.

Another hydrophobic patch is located around lle36 extending to Leu71 and Leu73
(lle36-patch) close to the C-terminus (Figure 4B). This interaction site is recognized by
several members of the ubiquitin machinery as shown for the DUB USP5 (Reyes-Turcu
et al., 2006) and the HECT domain of NEDD4 (Kamadurai et al., 2009). Additionally,
ubiquitin displays the Phe4-patch on its surface, which comprises GIn2, Phe4, and
Thr12 (Figure 4C). Amongst other proteins, the Phe4-patch is contacted by the UBAN
(ubiquitin binding in ABIN and NEMO) domain in NEMO besides the lle44-patch for the
recognition of linear chains during NF-kB activation (Rahighi et al., 2009). Apart from
the Phe4-, lle-36 and lle44-patches, the TEK-box of ubiquitin is less often utilized as
an interaction site. The TEK-box includes Thr12, Thr14, Glu34, Lys6, and Lys11, which
are contacted by the Anaphase-Promoting Complex (APC/C), which targets substrates
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for degradation during mitosis (Jin et al., 2008; Komander & Rape, 2012; Matsumoto
et al., 2010).

Ubiquitin itself is highly conserved across species. Furthermore, the conserved
ubiquitin B-grasp fold is present as ubiquitin-like folds in other modifiers, so-called
ubiquitin-like proteins (Ubls).

1.5 Ubiquitin-like modifiers

Ubiquitin-like proteins (Ubls) are a family of small proteins, which share structural
similarities based on the ubiquitin-like folds and joint evolutionary relationships with
ubiquitin. The family is subdivided into type | and type Il Ubls defined by their ability to
be conjugated onto substrates (Cappadocia & Lima, 2018). Type Il Ubls are mainly
associated with multiprotein complexes and no substrates have been identified yet as
reported for Hub1 and Esc2 (Cappadocia & Lima, 2018; Liders et al., 2003;
Novatchkova et al., 2005; Yashiroda & Tanaka, 2004). Hallmarks of type | Ubls are a
C-terminal glycine (Gly) or double-glycine (GlyGly) motif often exposed after proteolytic
processing and their conjugation through a cascading process mediated by E1, E2,
and E3 enzymes (Cappadocia & Lima, 2018). In humans, type | Ubls include SUMO-1,
-2, -3 and -4, NEDDS8, ATG8, ATG12, UFM1, ISG15 and FAT10 (Figure 5).
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Figure 5: Structures of ubiquitin and ubiquitin-like modifiers. Given are the structures of
ubiquitin and selected ubiquitin-like proteins (Ubls) displaying structural similarities based on
the conserved ubiquitin-like folds. The numbers in brackets refer to the PDB identifier: human
ubiquitin (1UBQ), human Nedd8 (1NDD), human SUMO2 (1WM2), yeast ATG8 (2KWC),
human ATG12 (4GDK), human UFM1 (1WXS), human ISG15 (1Z2M), human FAT10 (7PYV).
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Four isoforms of SUMO (Small Ubiquitin-like Modifier, 1-4) are encoded in humans,
while SUMO4 was reported to be only present and processed under stress conditions
(Wei et al., 2008). The existence of a SUMO5 protein is debated as one study showed
its suggested involvement in the regulation of PML nuclear bodies, but the finding is
not widely accepted and SUMOS presence remains tentative (Liang et al., 2016).
SUMO1 conjugation is associated with modulation of protein solubility and stability (W.
Wang et al., 2023; W. Wang & Matunis, 2023). SUMO2 and SUMO3 share a 95%
identity, are often referred to as SUMO2/3, and can be conjugated onto themselves,
reminiscent of ubiquitin chains (Matic et al., 2008; Tatham et al., 2001). SUMOylation,
the conjugation of SUMO moieties onto substrates, is involved in proteostasis through
association with the ubiquitin pathway mediated by SUMO-targeted ubiquitin ligases
(STUbLs; Uzunova et al., 2007; Weisshaar et al., 2008). Apart from proteasomal
degradation, SUMOylation was shown to mediate DNA repair mechanisms and
nucleo-cytoplasmic transport (Matunis et al., 1996; Z. Shen et al., 1996).

ATG8 (autophagy-related protein 8) in yeast corresponds to the GABARAP and the
LC3 families in humans with a total of seven members (Cappadocia & Lima, 2018).
The latter family includes the well-studied LC3B, which acts an adaptor protein for
cargo recognition and facilitates autophagosome formation during autophagy
(Ichimura et al., 2000; Rogov et al., 2014). Thereby, ATG8/LC3 is conjugated onto
phosphatidylethanolamine (PEIl) located in the autophagosome membrane. During the
autophagic process, ATG12 complexes other autophagic-related components and
drives autophagosome formation by promoting ATG8/LC3 lipidation (Metlagel et al.,
2013; Phillips et al., 2008).

UFM1 (Ubiquitin-fold modifier 1), together with ubiquitin, SUMO, Nedd8, ISG15 and
ATGS8, is encoded as a preprotein, which is processed by specific proteases for its
mature form. Only few targets of UFMylation are reported, of which most show an
association with the endoplasmic reticulum (ER). Studies suggest that UFM1 plays a
role in ER homeostasis and ribosome-associated quality control (RQC) at the ER
(Komatsu et al., 2024).

FAT10 (Human leukocyte antigen F locus adjacent transcript 10) and ISG15 both are
composed of two tandem B-grasp domains separated by a short, flexible linker
resulting in proteins around double the size of ubiquitin (Figure 5). Substrate
modification by FAT10 mediates various functions as it was reported to induce
proteasomal degradation (Hipp et al., 2005), apoptosis (Raasi et al., 2001) and to be
involved in the cell cycle (Y. C. Liu et al., 1999).

All modifiers share structural and sequence similarities to ubiquitin to varying degrees.
However, solely ISG15 and Nedd8 harbor the same four amino acids within their
C-terminus matching with those in ubiquitin (Figure 6).
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Ubiquitin 1-56 SDYNIQKESTLHLVLRLRGG
Nedd8 1-56 ADYKILGGSVLHLVLALRGG
ISG15 1-137 GEYGLKPLSTVFMNLRILRGG

Figure 6: C-terminal sequences of mature ubiquitin, Nedd8 and ISG15. The C-terminal
amino acid sequence of ubiquitin (57-76) aligned with the sequences of Nedd8 (57-76) and
ISG15 (138-157) after processing into their mature forms. All three modifiers share their last
four amino acids (LRGG, highlighted in the red box).

1.5.1 Nedd8

The small modifier Nedd8 (neural-precursor-cell-expressed developmentally
down-regulated 8) is 60% identical and 80% homologous to ubiquitin (Kamitani et al.,
1997). Maturation of the 81 amino acids preprotein is conducted by Nedd8-specifc
protease NEDP1, which exposes the C-terminal GlyGly-motif used for the conjugation
onto substrates. Neddylation is initiated by the Nedd8 E1 NAE (Nedd8 activating
enzyme), which is a heterodimer consisting of AppBp1 and Uba3 (D. T. Huang &
Schulman, 2005). The conjugation is facilitated by two Nedd8-specific E2 enzymes,
UBC12 and UBEZ2F, via a trans-thiolation reaction. This is followed by the ligation
carried out by E3 ligases such as DCN1 and the E3 ligase component RBX1 (D. T.
Huang et al., 2009; Kamura et al., 1999; H. Zhou et al., 2017). Besides executing
Neddylation, RBX1 catalyzes ubiquitination by ubiquitin Cullin-Ring Ligases (CRLs).
The multi-unit complexes are assembled by Cullin proteins (1-9), which scaffold the
substrate recruited by a substrate receptor (e.g. Skp1) bound at the Cullin N-terminus
and the RING-containing protein RBX1/2 protein at the C-terminus (Duda et al., 2011).
However, this process requires activation by Nedd8 itself: only upon neddylation at the
Cullin WHB-domain in the C-terminus a conformational change is induced which shifts
the CRLs complex from a closed to an open state (Duda et al., 2011). The E2~ubiquitin
bound by RBX1/2 thereby comes in close proximity to the substrate mediated by the
Cullin scaffold and the substrate gets ubiquitinated.

Proteins of the Cullin family are the primary canonical targets for neddylation. A study
suggested that CRLs are responsible for 20% of intracellular ubiquitinated proteins
targeted for proteasomal degradation demonstrating its significance for the cell (Soucy
et al.,, 2010; Soucy et al., 2009). Apart from Cullins, studies report on 300-600
non-Cullin neddylation substrates identified by diverse techniques (J. Li et al., 2020).
The identification of bona fide Nedd8 substrates remains a challenge as neddylation is
potentially upregulated upon stress conditions. Studies propose a non-canonical
neddylation pathway upon proteotoxic stress conditions, which displays increased
cross-talk to the ubiquitination machinery (Meszka et al., 2022). These notions
complicate the discrimination between canonical and non-canonical Nedd8 targets.
Further, the formation of Nedd8 chains was shown primarily under stress conditions
(Keuss et al., 2019; Meszka et al., 2022; Ohki et al., 2009). Reported neddylation
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functions included the modulation of protein activity, e.g. E3 ligases apart from CRLs,
cell-cycle control, altering protein stability and localization (J. Li et al., 2020;
Vijayasimha & Dolan, 2021).

Nedd8 is recognized by its conserved lle44-patch as for ubiquitin but lacks the
Phe4-patch and harbors Ala72 within the C-terminus compared to R72 in ubiquitin.
These characteristics aid interacting proteins to discern the two modifiers (Komander
& Rape, 2012; L. Shen et al., 2005; Ye et al., 2011). Recognition by deneddylases
NEDP1 and the COP9 signalosome remove the neddylation modification off substrates
(L. Shen et al., 2005; Vijayasimha & Dolan, 2021).

Besides Nedd8, the modifier ISG15 can also be conjugated and deconjugated in a
similar manner.

1.5.21SG15

ISG15, the product of interferon (IFN)-stimulated gene 15, is robustly expressed by
IFNs, interleukin 1 beta (IL-1B), pathogenic infection and lipopolysaccharides (LPS)
among other stimuli (Kang et al., 2022). The modifier exists as a 17kDa precursor
protein, which is processed into its mature form with an exposed GlyGly-motif (Potter
et al., 1999). Matured ISG15 can be present in an unconjugated (free) form or be
conjugated onto substrates coming with different functions in the cell. The conjugation
cascade is carried out by other interferon-stimulated gene (ISGs) proteins including E1
(Ube1L), E2 (UbcH8), and E3 enzymes (Herc5 or TRIM25). ISGylation can be reversed
by the delSGylase USP18 (Dzimianski et al., 2019; Malakhov et al., 2002).
ISG15 is a key component of host responses to microbial infection, which has been
extensively studied over the years (Dzimianski et al., 2019). The free form of ISG15
can act intracellularly or be secreted to enhance production of cytokines itself (Dos
Santos & Mansur, 2017; Recht et al., 1991).
Especially the role of ISG15 in the antiviral immunity response is well studied as shown
for infections with the Sindbis virus (Lenschow et al., 2005), Influenza B virus (Zhao et
al., 2016) and HIV-1 (Okumura et al., 2006) amongst others. The ISG15 E3 ligase
Herc5 mainly localizes at ribosomes, which causes ISGylation to predominantly occur
co-translationally on newly synthesized proteins. Consequently, during viral infection,
translated proteins such as ISGs and viral proteins are preferentially ISGylated
(Dzimianski et al., 2019). The ISG15 modification on viral proteins work in a multitude
of mechanisms: disrupting the oligomerization of proteins and protein function,
interfering with the intrusion of host pathways or stalling viral replication altogether
(Perng & Lenschow, 2018).
Besides viral infections, ISG15 also acts as a defense mechanism against infections
by intracellular bacteria as shown for Listeria monocytogenes-infected mice (Yifeng
Zhang et al., 2019). Host proteins are targeted by ISGylation to modulate protein
stability or function to enhance robust immune response. For example, 1SG15
modification of the interferon-induced transcription factor IRF3 prevents specific
protein interactions, which would usually lead to its ubiquitination and subsequent
12
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degradation (Shi et al., 2010). Similarly, ISGylation of the transcription factor STAT1
was shown to maintain levels of activated STAT1 and downstream signaling (Ganesan
et al., 2016; Perng & Lenschow, 2018).

The primary sequence of ISG15 displays interspecies diversity reflecting in variations
in the protein structure (Dzimianski et al., 2019). Moreover, the sequences of the two
ubiquitin-like B-grasp domains of ISG15 share only about 30% identities with ubiquitin
(Kang et al., 2022) and the ISG15 structure lacks the lle44-patch conserved in ubiquitin
and Nedd8.

However, as for Nedd8 and ISG15, conjugation of ubiquitin onto substrates is opposed
by its deconjugation executed by a major class of enzymes, termed deubiquitinases
(DUBS).

1.6 Deubiquitinases

The modification by ubiquitin is reversible and can be ‘erased’ by deubiquitinases, in
short DUBs. In this process, the fate of the substrate is modulated by either
disassembling, removing or shortening ubiquitin chains residing on substrates. One
prominent example is the removal of K48-linked ubiquitin chains, which spares the
substrate from proteasomal degradation (Figure 7).

Substrate

UBAB80 OSh
UBA52 (@)
UBB (]
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Figure 7: Ubiquitin recycling and ubiquitin signaling modulation is regulated by DUBs.
DUB activities are represented by blue lightning bolts. Shortening or removal of ubiquitin chains
can save substrates from proteasomal degradation (blue arrows). This mechanism stands
representatively for a plethora of DUB-mediated signaling alternations. By this, free ubiquitin
moieties are once again provided for the cell. In parallel, DUBs convert ubiquitin precursors,
which are present as polyubiquitin or fusions to ribosomal proteins (S/L), into functional moieties
ready for ubiquitination by the E1, E2 and E3 cascade. One possible fate of ubiquitinated
substrates is the degradation by the proteasome (blue-grey structure). S, ribosomal protein
eS31; L, ribosomal protein eL40.
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Edited and removed chains are converted into single moieties, which contribute to the
pool of free ubiquitin. Ubiquitin chains residing on proteasome-targeted substrates are
removed before proteolysis, whereby ubiquitin is also recycled. Additionally, DUBs
cleave ubiquitin precursors (UBA80, UBA52, UBB and UBC in humans) into functional,
monomeric moieties. By all mechanisms, mono-ubiquitin is provided for the ubiquitin
conjugation machinery to be utilized in another round of ubiquitination (Clague et al.,
2015; Komander & Rape, 2012). Hence, DUBs are important regulators of the ubiquitin
life cycle (Figure 7).

The human genome encodes around 100 DUBs, which can be classified into two major
subgroups, metalloproteases and cysteine proteases (Komander et al., 2009; Pinto-
Fernandez et al., 2019). The only family of metalloproteases is the JAMM
(JAB1/MPN/Mov34) family, which employs Zn?* ions for hydrolysis of ubiquitin
isopeptide bonds (Figure 8A; Shrestha et al., 2014). In contrast, cysteine proteases
utilize a conserved active domain comprising a catalytic cysteine residue. The
catalytically active triad is usually constituted of a Cys-His-Asp/Asn formation
(Komander et al., 2009). Cysteine protease DUBs are subdivided into seven families:
ubiquitin-specific proteases (USPs), ubiquitin carboxy-terminal hydrolases (UCHSs),
ovarian-tumor proteases (OTUs), motif interacting with Ub-containing novel DUB
family proteases (MINDY), Machado-Joseph disease protein domain proteases (MJD),
Zn-finger and UFSP domain protein (ZUFSP) and Viral tegument-like DUBs (VTDs;
Figure 8A; Abdul Rehman et al., 2016; Clague et al., 2015; Erven et al., 2022;
Hermanns et al., 2018).

A B) | |
Deubiquitinases Distal Proximal
C-terminus
DZ \ Ub e Ub o
Metalloproteases Cysteine proteases

S1 St

JAMM USP UCH OTU MJD MINDY ZUFSP VTD
buB

Figure 8: Deubiquitinase families and their ubiquitin binding sites. A) DUBs are divided
into two classes (metalloproteases and cysteine proteases) and further categorized into seven
families (JAMM, USP, UCH, OTU, MJD, MINDY and ZUFSP). B) Ubiquitin binding pockets
determine the ubiquitin cleavage site (yellow lightning bolt), here represented by a di-ubiquitin
chain. The distal moiety binds to the S1 pocket and the proximal moiety at the S1’ site pocket.

Upon DUB activity, the peptide bond in linear chains or the isopeptide bond formed via

the side chain of a lysine residue in ubiquitin chains or on substrates gets cleaved. A

common denominator among DUBs is the recognition of the ubiquitin C-terminus via

its two arginine residues (RLRGG, see Figure 6). The interaction is mediated by salt

bridges formed between the arginine residues and acidic side chains of the DUBs
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(Hermanns et al., 2020). Many DUBs also employ a conserved aromatic residue,
termed the ‘gate-keeper motif’, which fits into the groove at Gly75 (RLRGG) in ubiquitin
and would sterically clash with any other residue (Hermanns et al., 2020). These
notions drive DUB specificity to cleave the scissile bond after the C-terminal GlyGly
motif in ubiquitin.

The specificity of DUBs can be directed at specific substrates, as for most USP class
DUBs, which regulate their targets in splicing, protein trafficking, or chromatin
remodeling amongst other functions (Komander & Rape, 2012). Substrate recognition
is mediated by specific interaction domains within the DUBs or through adaptor
proteins.

In contrast, a plethora of DUBs exhibits chain linkage specificity. Ubiquitin chains are
recognized at specific binding sites within the DUB (Figure 8B). The interaction
domains can fit either one, two or more ubiquitins of chains at their respective binding
sites. Linkage specificity is determined by contacting at least two moieties, which
occurs according to the chain topology. Binding of two ubiquitin moieties at the S1 and
S1’ binding pockets for the distal and proximal ubiquitin, respectively, positions the
cleavage site to the catalytic center (Suresh et al., 2020). For example, linkage-specific
DUBs include the K63-specific Zup1 of the ZUSPF family (Hermanns et al., 2018) or
OTULIN of the OTU family, which specifically cleaves linear chains (Keusekotten et al.,
2013).

The vast number of DUBs come with numerous physiological roles in the cell. Apart
from salvaging substrates from proteasomal degradation, DUBs regulate protein
stability by removing K63-linked chains from substrate to prevent lysosomal
degradation (Lauwers et al., 2009). Receptor recycling of EGFR by the
metalloprotease AMSH opposes the ubiquitin-dependent sorting of receptors to
lysosomes (McCullough et al., 2004). Further, DUBs regulate chromatin remodeling
(Mueller et al., 1985), subcellular localization (Komander et al., 2008), DNA damage
responses (Hermanns et al., 2018), NF-kB signaling (Keusekotten et al., 2013) and
several cell death pathways (Schwickart et al., 2010; S. Zhang et al., 2018), to name
only few functions.

DUBs of the small MJD family with four members, hereon after referred to as
Josephins, had early implications of repressing transcription (Shimohata et al., 2000).
Moreover, it was reported that the most prominent member Ataxin-3 interacts with the
E3 ligases CHIP and PARKIN, of which both are involved in maintaining cellular
homeostasis (Durcan et al., 2012; Scaglione et al., 2011). Members JOSD2 and ATX3L
were shown to prefer long K48- and K63-linked polyubiquitin chains and to be able to
target ester-linkages, which are formed by ubiquitination on serine and threonine
residues (Cesare et al., 2021; Grasty et al., 2019; Mao et al., 2005).

Besides eukaryotes, some bacteria have acquired proteins that are active in the
ubiquitin system of the eukaryotic host cells.
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1.7 Bacterial ubiquitin effectors

Invading intracellular bacteria are targeted by host immune responses to prevent
further cellular damage. These bacteria can enter the host cell via phagocytosis or
induced endocytosis (Weddle & Agaisse, 2018). Some of the intracellular, pathogenic
bacteria reside in the cell inside membranous compartments of host origin
(bacteria-containing vacuoles, BCV) or escape these structures into the cytosol (Figure
9). Amongst the cytosolic, ‘naked’ bacteria are Shigella and Listeria (Chang et al.,
2020; Kortebi et al., 2017). Bacteria proliferating within the BCV include Legionella,
Chlamydia and in some cases Salmonella (Fels et al., 2023; Sturgill-Koszycki &
Swanson, 2000).

To defend against these pathogens, the bacteria and BCV-structures are targeted by
several host E3 ligases, such as LUBAC, PARKIN and RNF213. These coat the
bacteria with ubiquitin chains of different linkages to trigger downstream
pro-inflammatory responses and xenophagy (Tripathi-Giesgen et al., 2021). By the
latter system, the bacteria are conveyed to degradation within the lysosome.

Bacteria-containing vaculole (BCV)

ChlaDUB1/2, RavD
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@ o9 ..
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Figure 9: Defense mechanisms of intracellular, pathogenic bacteria. Bacteria can enter
the cell by phagocytosis or similar pathways and either reside in the cytosol ‘naked’ (Shigella,
Listeria) or within bacteria-containing vacuoles (BCVs; Legionella, Chlamydia) used for
proliferation. Bacterial structures are coated with ubiquitin chains by host E3 ligases, such as
LUBAC, RNF213 and PARKIN (blue arrows) to trigger immune responses and xenophagic
clearance of bacteria in the lysosome (blue compartment with yellow lightning bolts). Bacterial
defense responses (red arrows) lead to the secretion of effectors including DUBs like
ChlaDUB1/2 from Chlamydia and RavD from Legionella, which remove the ubiquitin chains to
prevent lysosomal degradation and ensure bacterial survival. The Shigella E3 ligase IpaH1.4
targets host RNF213 and LUBAC for degradation and thereby inhibits ubiquitin chain
generation.
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Despite not coding for ubiquitin themselves, many intracellular bacteria evolved
ubiquitin-targeting effectors to hijack or counteract the hosts defense mechanisms.
Some bacteria secrete E3 ligases into the cytosol to target host proteins themselves.
The E3 ligase NleL encoded by enterohaemorrhagic Escherichia coli (EHEC)
modulates host protein function as demonstrated by its interaction with the human E2
Ubch7 and its interference with signal transduction of MAP kinase JNK during infection
(Lin et al., 2012; Sheng et al., 2017). One common mechanism is the targeting of host
defense proteins for degradation. A recent study showed that the Shigella flexneri
effector IpaH1.4 degrades the host E3 ligase RNF213, thereby counteracting the
ubiquitin-dependent degradation of bacterial structures (Saavedra-Sanchez et al.,
2025). Moreover, IpaH1.4 was shown to convey components of the LUBAC complex
to proteasomal degradation, which prevents the formation of linear chains and
downstream activation of immune responses (Jong et al., 2016).

Besides E3 ligases, numerous bacteria encode DUBs with the implication to disturb
the host ubiquitin system (Hermanns & Hofmann, 2019). Chlamydia trachomatis
expresses two DUBs, ChlaDUB1 and ChlaDUB2, which interfere with the Golgi
apparatus and dampen NF-kB activation (Le Negrate et al., 2008; Pruneda et al.,
2018). Another example for a bacterial DUB that inhibits NF-kB signaling is RavD from
Legionella pneumophila, which specifically cleaves linear chains (Wan et al., 2019).

Apart from bacterial DUBs, a novel class of deubiquitinating enzymes also shows a
destructive activity, so-called clippases.

1.8 Clippases

A few years ago, a novel class of de-modifying enzymes was discovered. The first
member of this class was shown cleave ISG15 within its C-terminus, whereby the
cleavage site is located N-terminally of the C-terminal GlyGly-peptide. Thereby, the
small ‘clipped’ GlyGly-motif remains at the modified lysine residue of the substrate.
Hence, his new class of enzymes was termed clippases (Swatek et al., 2019).

1.8.1 Lbpro

The first member to establish this class was Lbpro from Foot-and-mouth-disease virus
(FMDV) uncovered by Swatek et al. (2018). Prior to the investigation of its cleavage
mode, the viral leader protease Lbpro has been reported to regulate IFN pathways by
‘inhibiting’ ubiquitination of several cellular substrates (D. Wang et al., 2011). The
observed catalytic activity of the Lbpro cysteine protease was at that time attributed to
regular DUB activity. In-depth biochemical and structural characterization conducted
by Swatek et al. revealed the unusual cleavage activity exhibited by Lbpro (Swatek et
al., 2018). They identified Lbpro as a delSGylase, which clips within the 1ISG15
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C-terminus (RLR |GG, see Figure 6). Lbpro exerts ISG15-deconjugation in vitro and in
FMDV-infected cells in vivo. Further, they found that Lbpro at higher concentrations
exhibits cross-reactivity against ubiquitin and Nedd8. A structural analysis of Lbpro in
complex with an ISG15 probe, in which the two C-terminal GlyGly were removed and
the adjacent Arg155 was replaced with a Gly-like C-terminal propargyl warhead, was
conducted (Swatek et al., 2018). Thereby, the canonical -RL(154)RGG C-terminus in
ISG15 was replaced by a -RL(154)-warhead probe. The solved complex structure
allowed for the identification of interaction sites employed by Lbpro. ISG15 was shown
to be contacted at the hydrophobic Trp123 at its surface and the C-terminal Arg153,
with implications that Arg155, which was missing in the probe, would be involved as
well. Moreover, Leu154 was demonstrated to concert Lbpro activity against ISG15 as
mutations at that site led to decreased cleavage ability (Swatek et al., 2018).

Lbpro clipping of the ISG15 C-terminus has two-fold consequences for the cell. It
renders the C-terminally truncated ISG15 moiety unrecyclable for another modification
round. Simultaneously, the remaining GlyGly-motif blocks the substrates lysine residue
from further modification. This mechanism has likely evolved to counteract the host
antiviral response with an elevated destructive effect compared to regular
de-modifications (Swatek et al., 2018).

Based on the solved structure of Lbpro, a more ubiquitin-targeting variant Lbpro
L102W, termed Lbpro Star (*), was engineered (Swatek et al., 2019). This variant was
used for studies of ubiquitin chain architecture, which will be discussed in more detail
in a later chapter.

Recently, more members of the novel class of clippases have been discovered.

1.8.2 Ubiquitin C-terminal clippases

For the identification of novel deubiquitinases in bacteria, bioinformatics-based
predictions were paired with the biochemical testing of identified candidates
(Hermanns et al., 2025). Screening of genomes of several intracellular bacteria by
employing an established bioinformatics pipeline harbored an array of hits for predicted
DUBs (Hermanns & Hofmann, 2023). All candidates showed sequence similarities to
eukaryotic Josephin DUBs. The biochemical investigation of the candidates revealed
that several candidates displayed unusual activities. They showed activity against
di-ubiquitin chains in in vitro assays, but did not react with conventional activity-based
probes (Hermanns et al., 2025). This finding implied that a different cleavage mode
was employed compared to regular DUBs. Considering the finding of the Lbpro
clippase, the Josephin-like candidates were tested for clippase activity (Hermanns et
al., 2025). By that, the existence of a multitude of bacterial ubiquitin C-terminal
clippases (UCCs) was uncovered.

Similar to Lbpro, UCCs clip within the ubiquitin C-terminus between Arg74 and Gly75
(RLR|GG, Figure 10). These identified clippases include enzymes from Simkania
negevensis, Burkholderia pyrrocinia and Parachlamydia sp. (Hermanns et al., 2025).
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In total, eleven predicted enzymes with sequence similarities to eukaryotic Josephin
DUBs were proven to be UCCs. In-depth biochemical characterizations demonstrated
that different cleavage preferences are employed by the clippases as some exert
ubiquitin-chain specificity while others are linkage-promiscuous (Hermanns et al.,
2025).
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Figure 10: Clippases 'clip' within the modifier C-terminus. The unusual cleavage mode of
clippases is represented at the example of ubiquitin and their de-modifiers DUBs. While DUBs
remove the ubiquitin moiety complete off the substrate, clippases ‘clip’ before the C-terminal
GlyGly-motif. The motif remains at the initially modified lysine residue of the substrate.

One of the validated clippases was BpJOS from Burkholderia pyrrocinia. Despite the
lack of evidence for the invasion of human cells, Burkholderia pyrrocinia was reported
to play a beneficiary role in plant defense responses and inhibit plant pathogenic fungi
(A. Liu et al., 2020; Yu et al., 2023). The cause for the evolutionary emergence of the
UCC activity in BpJOS is yet under debate.

The BpJOS clippase demonstrated a high activity against virtually all ubiquitin chain
types in vitro (Hermanns et al., 2025). Structural analysis of the BpJOS C69A mutant
in complex with ubiquitin disclosed its contact sites to the modifier (Figure 11A).
BpJOS interacts with the lle44- and lle36-patches in ubiquitin, which resembles the
contacts initiated by regular DUBs. Ubiquitin binding by BpJOS is determined by the
S1 site, which provides a structural reasoning for the linkage promiscuity. As universal,
structural determinants for the clippase activity were yet unclear, the contact sites at
the ubiquitin C-terminus were examined. As for regular DUBs, BpJOS interacts with
Arg72 and Arg74 within ubiquitin (Figure 11B). It was shown that the R74A di-ubiquitin
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Figure 11: Structure of the BpJOS clippase in complex with ubiquitin. A) BpJOS (orange)
in complex with ubiquitin (yellow). The catalytic residues Cys69 (Ala69 in the structure),
His166, and Asp182 in BpJOS are shown as sticks. B) Close-up of the ubiquitin C-terminus
contacted by BpJOS. Arg72, Leu73 and Arg74 of ubiquitin are contacted by BpJOS.
Interaction with Leu73 is proposed to be a structural determinant for clippase activity. Both
figures were taken from and are published in Hermanns et al. 2025, see Fig. 3B and Fig.4K.

mutant was hardly cleaved by BpJOS, while the R72A di-ubiquitin was processed
comparably to the wild-type (Hermanns et al., 2025). This result demonstrated the
importance for BpJOS interaction with ubiquitin at Arg74.

However, the shifted cleavage mode is a consequence of the differing interaction sites.
While regular DUBs mainly form salt bridges with the Arg residues, BpJOS was shown
to also use mainchain interactions. Furthermore, BpJOS interacts with Leu73 in the
ubiquitin C-terminus, which was not observed for the characterized, regular DUB
PaJOS from Pigmentiphaga aceris (Hermanns et al., 2025). The additional interaction
at Leu73 is proposed to be a clippase-specific determinant for the cleavage mode. This
finding is line with the importance of the Leu154 residue in ISG15 (corresponding to
Leu73 in ubiquitin) for Lbpro clippase activity (Swatek et al., 2018)

This unusual cleavage mode exerted by BpJOS and Lbpro resembles the GlyGly-motif
left at modified sites after proteolysis by Trypsin, which is most often employed for
mass spectrometry studies.
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1.9 Mass spectrometry-based studies of Ubl-modifications

The holistic, proteome-wide investigation of post-translational modifications by
ubiquitin or Ubls and their implications for the cell is an emerging research field. The
identification of the entirety of ubiquitin-targets (ubiquitome) and Ubl-targets (Ublome)
was facilitated by the developments of advanced mass spectrometry (MS)-based
strategies. A plethora of different approaches were utilized to study the ubiquitome and
Ublome in recent years.

Many ubiquitin substrates, for instance, were targeted by use of ubiquitin-binding
domains to enrich ubiquitinated proteins (Akimov et al., 2011), ectopic expression of
ubiquitin (Danielsen et al., 2011; Kliza et al., 2017) or the exchange of endogenous
ubiquitin with tagged ubiquitin-fusions (Akimov et al., 2014). The gold standard in many
cases for the preparation for mass spectrometry analysis still is the protein breakdown
by digestion with Trypsin. This enzyme cleaves C-terminally of Arg and Lys residues.
Thereby, short peptides are generated, which are suitable for the analysis via MS
(Olsen et al., 2004). For ubiquitinated, ISGylated and neddylated substrates, Trypsin
digestion creates a GlyGly-remnant at the modified site by processing their C-terminus
(-LR|GG-K).

One breakthrough in the field was the development of GlyGly-(K)-antibodies. These
specifically recognize these trypsin-generated GlyGly-motifs at lysine residues. By
employing the antibody in an immune-precipitation (IP), these GlyGly-sites can be
specifically enriched and later analyzed by MS. This method not only allows for
substrate profiling, but site-resolved mapping of the modifications. One of the first
studies to employ the GlyGly-enrichment approach combined the method with the
expression of tagged ubiquitin and a quantitative MS measurement using SILAC
(stable isotope labeling by amino acids in cell culture). They could identify around 380
ubiquitination sites in HEK293 cells (G. Xu et al., 2010). Studies like the one conducted
by Udeshi et al. refined this method. They coupled the GlyGly-enrichment to Tandem
Mass Tags (TMT) before MS analysis to achieve quantitative ubiquitination profiling
(Udeshi et al., 2020). By this method termed ‘UbiFast’, they identified around 10.000
ubiquitination sites. Both methods, amongst many others, rely on trypsin-generated
GlyGly-K-peptides. However, by this, the conflation of ubiquitin-, 1ISG15- and
Nedd8-modifications based on their shared (LRGG) C-terminus is disregarded. Most
often all identified sites are attributed to be ubiquitin-derived.

To overcome this challenge, some studies employ ectopic over-expression of the
modifier Nedd8 (Enchev et al., 2015) or ISG15 (Radoshevich et al., 2015; Yan et al.,
2021). However, these manipulations at proteomic level may lead to artefacts. Other
strategies include the generation of mutants, as reported for the Nedd8 R74K mutant
(Lobato-Gil et al., 2021). Alternatively, knock-out organisms are employed, as reported
for ISG15 to discern between the modifiers (Yifeng Zhang et al., 2019). For targeting
ubiquitination sites specifically, the ‘UbiSite’ approach was developed (Akimov et al.,
2018). This method uses LysC for peptide generation instead of Trypsin. LysC cleaves
only after Lys residues, which results in different C-terminal peptides for ubiquitin,
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Nedd8 and ISG15. The peptide produced only by ubiquitin is then enriched by a
specific ‘UbiSite’ antibody.

The investigation of cellular ubiquitin chain lengths and architectures were addressed
in recent years as well. In an approach termed ‘Ub-ProT’, cellular ubiquitin chains are
enriched by tandem Ub-binding entities (TUBEs; Tsuchiya et al., 2018). The utilized
TUBE variant was engineered to be Trypsin-resistant, TR-TUBE. These artificial
protein structures are designed to bind and enrich polyubiquitin chains from complex
samples, while protecting them from Trypsin digestion. By Trypsin digestion at lower
concentrations, the modified substrates, but not TR-TUBE-bound ubiquitin chains are
broken down into peptides. TR-TUBE-pulled ubiquitin chains are then treated with high
concentrations of Trypsin and the peptides are subjected to tandem MS
(MS/MS)-based absolute quantitation (AQUA).

A recent approach conceptualized by Swatek et al. is based on the Lbpro* (L102W)
variant of Lbpro (Swatek et al., 2019). Lbpro* exhibits higher activity against ubiquitin
compared to its parent enzyme. By ‘clipping’ ubiquitin chains with Lbpro*, the
generated single ubiquitin moieties are marked with the GlyGly-motif of the adjacent
ubiquitin. In case of branched chains, one ubiquitin carries multiple GlyGly-remnants.
Analysis with intact protein MS (intact mass) allows for insights into ubiquitin chain
architectures (Swatek et al., 2019). Coupling a TUBE-pulldown of ubiquitin chains with
Lbpro* treatment and later AQUA MS enables the estimation of average chain length
and identification of cellular linkage compositions (Swatek et al., 2019). This
clippase-based method was baptized ‘Ub-clipping’.

In sum, a multitude of methods for the investigation of ubiquitin and Ubl modifications
were developed in the past years. The approaches take on different angles, and all
come with their individual advantages and limitations. However, all these studies
heavily contributed to the current available knowledge of the ubiquitome and Ublome.
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1.10 Aim of the thesis

The overarching goal of this study was to explore the potential of bacterial C-terminal
clippases (UCCs) as tools to investigate the eukaryotic ubiquitination system. One
major aim was to use the specificity of clippases to discriminate between modifications
by ubiquitin, Nedd8 and ISG15, which all leave indistinguishable GlyGly(K)-remnants
in conventional proteomics studies. BpJOS is a clippase that appeared to be highly
active against ubiquitin and to a lesser extent Nedd8 but inert towards ISG15
modifications. Consequently, BpJOS is a prime candidate for studying ubiquitination
during an ongoing interferon response. Clippases also allow the investigation of chain
branching, since multiply-modified ubiquitin moieties will - after clipping - retain multiple
GlyGly-remnants, which can be identified and quantified by mass spectrometry (MS).

The first part of the thesis describes the search for novel clippases with useful
modifier- and/or linkage-specificities, which would allow novel types of MS-based
analyses. In the second part, the highly active BpJOS clippase is characterized for its
discrimination between ubiquitin and 1SG15. A ‘clippomics-based’ method is
established, in which a combination of BpJOS and Lbpro clipping is used to separately
identify ubiquitin- and ISG15-modification sites. Moreover, BpJOS was used to
specifically identify interferon-stimulated ubiquitination sites. In the third part of the
thesis, a method reminiscent of the published ‘Ub-clipping’ is developed to elucidate
the linkage-specificity of ubiquitin ligases, potentially in a semi-quantitative way.
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2 Material and Methods

2.1 Molecular biology
2.1.1 Cloning

DNA fragments were amplified by polymerase chain reaction (PCR) using the Phusion
High Fidelity DNA Polymerase (New England Biolabs). The reaction composition and
used PCR program are listed in Table 1 and Table 2. Amplified products were cleaned
on a 1% agarose gel, excised with a scalpel and purified using the NucleoSpin Gel and
PCR Clean-up kit (Macherey Nagel). Circular target vector pcDNAS FRT/TO was
linearized with BamHi and HindlIl and gel purified. Generated PCR products (Table 3)
and synthesized gBlocks obtained from Integrated Technologies (Table 4) harbored
5-3 and 3’-5" overhangs compatible with the pcDNA5 FRT/TO vector for In-Fusion
cloning (Takara Bio). The In-Fusion ligation reaction was conducted for 15min at 50°C
with the composition listed in Table 5.

Table 1: PCR reaction mix used in this study.

Reagent Volume[pl]
5x Phusion buffer (New England Biolabs) 5
Template DNA 0.5
10uM forward primer 1.25
10uM reverse primer 1.25
10mM dNTPs 1
Phusion DNA Polymerase (New England Biolabs) 0.5
H20 15.5

Table 2: PCR program for amplification of DNA fragments used in this study.

Step Time [s] Temperature [°C] Cycles
Hot Start Infinite 98 n/a
Denaturation 45 98

Annealing 30 65 34x
Elongation 30s/kb 72

Final Elongation 300 72 n/a
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Table 3: List of primers used for PCR amplification in this study. All target sequences
were cloned into the pcDNAS FRT/TO backbone. The overhangs for pcDNAS FRT/TO for In-
Fusion cloning are shown in blue, the start and stop codons in red and the 1xFLAG-tag in
green.

Primer Sequence 5°‘- 3

FLAG-OTULIN fwd | TACCGAGCTCGGATCATGGACTACAAGGATGACGATGACAAG
ATGTCAAGAGGCACCATGCCGCAACCTGAAG

OTULIN rev TAGACTCGAGCGGCCTTACAAAGACGTTTCCTCGCACACCCT
CACAGG

FLAG-HOIL1L fwd TACCGAGCTCGGATCATGGACTACAAGGATGACGATGACAAG
ATGGACGAGAAGACCAAGAAAGCAGAGGAAATGGC

HOIL1L rev TAGACTCGAGCGGCCTTAGTGGCAGTTCTGACAGCTTGGGT
GGCAAG

FLAG-HOIP fwd TACCGAGCTCGGATCATGGACTACAAGGATGACGATGACAAG
AGGCTGTGGGTGAGCGTGGAGGATGC

HOIP rev TAGACTCGAGCGGCCTTAGTGGCAGTTCTGACAGCTTGGGT
GGCAAG

FLAG-Sharpin fwd TACCGAGCTCGGATCATGGACTACAAGGATGACGATGACAAG
ATGGCGCCGCCAGCGGGCGG

Sharpin rev TAGACTCGAGCGGCCTTATGTGGAAGCTGCAGCAAGGGGGT
CcCcC

Table 4: Codon optimized sequences of gBlocks (Integrated DNA Technologies).
The extensions for In-Fusion cloning into the pcDNA5 FRT/TO backbone are marked in blue.
The start and stop codons are indicated in red and the 1xFLAG tag are highlighted in green.

Name Sequence 5’-3’

OTULIN | AAGTTCTGTTTCAGGGCCCGATGTCAAGAGGCACCATGCCGCAACCTGA
pOPINB AGCCTGGCCAGGTGCTTCCTGTGCAGAGACACCCGCTCGCGAAGCCGC
TGCTACCGCTCGCGACGGCGGTAAAGCTGCGGCATCTGGTCAGCCGCG
ov GCCTGAGATGCAATGTCCCGCCGAACACGAAGAGGACATGTACCGAGCC
GCCGATGAAATAGAGAAAGAGAAAGAGCTGCTCATTCATGAGCGCGGAG
CTTCAGAACCGCGCCTCTCCGTCGCGCCAGAGATGGACATTATGGACTA
CTGTAAGAAGGAGTGGAGGGGTAATACACAAAAAGCAACTTGCATGAAAA
TGGGTTACGAGGAGGTCTCTCAGAAGTTTACTTCCATCCGACGCGTGAG
AGGGGACAACTATTGTGCTCTCAGAGCGACACTTTTCCAAGCCATGTCC
CAAGCCGTCGGTCTGCCGCCCTGGTTGCAAGACCCAGAATTGATGCTTC
TTCCAGAGAAGCTGATCAGTAAATATAACTGGATAAAACAATGGAAACTGG
GCCTCAAATTCGACGGTAAAAATGAGGATCTGGTCGATAAAATCAAGGAA
TCTCTGACCCTCCTGCGCAAGAAATGGGCCGGGCTGGCCGAAATGAGA
ACTGCAGAGGCACGGCAAATTGCATGCGATGAGCTTTTCACGAACGAAG
CGGAAGAGTATAGTTTGTATGAAGCTGTTAAATTTCTTATGCTGAACCGAG
CTATCGAACTTTATAATGATAAAGAGAAGGGAAAGGAGGTACCTTTTTTTT
CCGTGCTCTTGTTCGCGCGCGATACCAGTAATGATCCAGGTCAACTCCT
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GCGCAATCATCTTAACCAGGTTGGCCACACTGGAGGACTGGAACAGGTG
GAGATGTTTCTTCTCGCGTACGCCGTGCGGCATACCATACAAGTGTATCG
ACTCAGCAAATACAATACCGAAGAATTTATCACCGTCTACCCGACCGACC
CACCTAAAGATTGGCCGGTAGTGACACTTATAGCAGAAGACGACCGGCAT
TACAATATACCTGTGAGGGTGTGCGAGGAAACGTCTTTGTGATAAAGCTT
TCTAGACCAT

PcJOS TACCGAGCTCGGATCATGGACTACAAGGATGACGATGACAAG

70-325 AAAACCCAGCCGAGTACGACGCAAAAGGTCGAGAACACGGCGAAAACC
TTGTTCAAGCCGGATCTTAAAAGCCCGCCGATGAACCCACAATGGCTTAC
AGAAGAACAGATCAAGAAGATGTCACCCGACGAGCAAGGGAATCTCATA
GACACCTATGCAGCTCGCAAGATTAACGCGGCCTCTGATCTCACACACG
CTCAACTGCGAGGAATGATCGGCAGTACAGCGGCATCCCACATTGCGAT
CGTGAACGCACAAGAGACCGGCTTGGGTCATTGCGGCCGATATGCGATA
AACAATGCGCTTCAGCAAGAGGCGTTGTCACAGAATGAATTCCTCTCACT
GACAGGGCAAATATTCAGCAATCAACTCGGGATGTCACTTGCCGACGTAA
AGAACCTCATTCAAAATCAAGACGATTTTGGGATCGACACGGGGGTCCTT
GCCCAGATTCTGAAACAAAAATTCAACCAACCCGTGAAGGAATCAAAAAT
ATGTGATCTTCCCGACTGTGCGTTGAGCAAGCAGCAAGCTGTTGAAAATT
ATATAGGGAAAGCGAAGTGGGTAATTGTAGCAAACATCGGAACAGAGGTC
TTCGACATGCCATCATCAACTCACGCTGTATATCCTCTCACGAGGGGACA
CTTCGTAGCCCTTAGACGGGATGCCGATAACAGGTGGTGGTATCTGGAC
TCCCGAGGAAAAAACCCCGTGAACATTGCTCTCGCAATTATACCGAGGAC
CTGTACCCTCATAGTTCCCTTGTAAGGCCGCTCGAGTCTA

Table 5: In-Fusion reaction mix used in this study.

Component Volume [pl]
gBlock/ DNA fragment (75ng/pl / 1-5pg/pl) 1.5
Vector (1-5ug/ul) 0.5
In-Fusion reagent (Takara Bio) 0.5

2.1.2 Site-directed mutagenesis

Point mutations were introduced to ORFs coding for PcJOS by site-directed
mutagenesis (SDM) PCR using the Pfu Turbo Polymerase (Agilent Technologies).
Used PCR reaction, PCR protocol and SDM primers are listed in Table 6, Table 7 and
Table 8. Wildtype template DNA was degraded by Dpnl treatment for 2h at 37°C.
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Table 6: PCR reaction mix (25ul) used for SDM in this study.

Component Volume [ul]
10x PfuTurbo buffer (Agilent Technologies) 2.5
Template DNA (1pg/ul) 0.25
10um forward primer 1.25
10um reverse primer 1.25
10mM dNTP 0.5
2.5U/ul PfuTurbo DNA polymerase (Agilent Technologies) 0.5
H.O 18.75

Table 7: PCR protocol used for SDM in this study.

Step Time [s] Temperature [°C] Cycles
Initial Denaturation 180 95 n/a
Denaturation 45 95

Annealing 60 57 18x
Elongation 120/kb 72

Final Elongation 300 72 n/a

Table 8: List of primers used for SDM in this study.

Name ‘ Primer sequence 5°-3’
PcJOS C162A fwd catatcggccggcatgacccaagccggtctctt
PcJOS C162A rev aagagaccggcttgggtcatgccggcecgatatg

2.1.3 E. coli transformation

Plasmids were propagated by transformation into chemically competent Escherichia
coli strain DH5a after (Hanahan, 1983). Bacterial aliquots were supplemented with 1l
of plasmid for re-transformation or 2pl of In-Fusion reaction and incubated on ice for
30 minutes. The DNA uptake was facilitated by heat shock treatment at 42°C for 2
minutes. For recovery, 400ul of chilled Lysogeny Broth (LB) medium (1% tryptone,
0.5% yeast extract, 1% NaCl) was added and bacteria were incubated for 1h at 37°C
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to allow for expression of the ampicillin selection marker. The bacteria were plated onto
LB medium +2% agar plates supplemented with 100 pyg/ml ampicillin. Plates were
incubated invertedly at 37°C overnight.

2.1.4 DNA isolation and purification

Single colonies were picked with a pipette tip and transferred into 5ml LB medium for
mini preps or 20ml for midi preps used for transfection (see 2.3.3). Bacteria were grown
at 37°C overnight and pelleted at 11.000xg for 1 minute the following day. Plasmids
were purified using the NucleoSpin Plasmid kit or NucleoBond Xtra Midi kit (both
Macherey Nagel) for endotoxin-free plasmid preparation according to the
manufacturer’s protocol. Sequencing of isolated plasmids was conducted by Eurofins
Genomics. Sequences obtained were analyzed using CLC Main Workbench 6.8.2
(Qiagen). The comprehensive list of used constructs is given in Table 9.

Table 9: List of constructs used in this study. All constructs were codon optimized for
human codon usage. All listed constructs are full-length, if not indicated otherwise. Truncation
borders refer to the amino acid positions.

Construct Backbone Origin species Source

FLAG-HOIL1L pcDNA5 human This study
FRT/TO

FLAG-HOIP pcDNA5S human This study
FRT/TO

FLAG-OTULIN pcDNA5S human This study
FRT/TO

FLAG-PcJOS70-325 pcDNA5 Parachlamydia sp. This study
FRT/TO

FLAG-PcJOS70-325 pcDNA5 Parachlamydia sp. This study

C162A FRT/TO

FLAG-Sharpin pcDNA5S human This study
FRT/TO
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2.2 Protein biochemistry
2.2.1 Purified proteins used in this study

Proteins were purified and di-ubiquitin chains were generated according to (Hermanns
et al., 2025). Purified proteins used in this study were kindly provided by Dr. Thomas
Hermanns and Dr. Vanessa Lachmayer (Institute for Genetics, Cologne) or prepared
during the master’s thesis (Kolek, 2021). All purified proteins and di-ubiquitin chains
used are listed in Table 10.

Table 10: List of purified proteins used in this study and their respective sources.
All listed constructs are full-length, if not indicated otherwise. Truncation borders refer to the

amino acid positions.

Protein Source
BpJOS Thomas Hermanns
BpJOS'2-218 Thomas Hermanns
PcJOS70-325 Thomas Hermanns
PvJOS764-1098 Thomas Hermanns
CsJOS56-289 Thomas Hermanns
BcJOS Thomas Hermanns
USP21196-565 Thomas Hermanns
ATX3L Thomas Hermanns
JOSD2 Thomas Hermanns
ChNJC|#468-725 Thomas Hermanns
SnJOS1 Vanessa Lachmayer
SnJOS2 Vanessa Lachmayer
PaJOS1881-2146 Thomas Hermanns
HeJOS Master thesis (Kolek, 2021)
Lbpro2°-195 Thomas Hermanns
Lbpro*(L102WV)2°-195 Thomas Hermanns
NEDP1 Thomas Hermanns

SnUSP1167-529

NleL'70-782 E705A
di-Ubiquitin M1/K6/11/48/63
di-Ubiquitin K6/29/33
di-Ubiquitin K27

Vanessa Lachmayer
Vanessa Lachmayer
Thomas Hermanns
Boston Biochem
UbiQ
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2.2.2 Ubiquitin chain cleavage

Di-ubiquitin chains (50uM) were incubated with 50nM BpJOS or PcJOS in reaction
buffer (20mM Tris pH7.5, 150mM NaCl, 10mM DTT) for the indicated timepoints. The
reactions were quenched by addition of 2x Lammli buffer (Table 11) and were analyzed
by SDS-PAGE.

Table 11: Recipe for 2x Lammli buffer.

Component Concentration
Tris pH 6.8 125mM
SDS 2% (wlv)
Glycerol 20% (v/v)
Bromophenol blue 0.03% (w/v)
B-mercaptoethanol 2% (vIv)

2.2.3 Activity-based probe assay

Activity-based probes (ABPs) were chemically synthesized and the testing of BpJOS
for reaction with Ub™ "3, Nedd8'-73 1SG157°-154-PA probes were conducted by Thomas
Herrmanns according to Hermanns et al., 2025. The propargylamine (PA) group, which
acts as a reactive warhead, reacts with the catalytic cysteine of tested protease and
forms a covalent bond. The reaction was monitored by SDS-PAGE.

2.2.4 Generation of NleL chains

The in vitro ubiquitin chain assembly assay using bacterial E3 ligase NleL'7%-782 E705A
(Franklin et al., 2023) was conducted by Dr. Vanessa Lachmayer according to (Park et
al., 2015). The produced chains were tested in proof-of-concept experiment using ‘Ubi
clipping with BpJOS'.

2.2.5 Parkin chain generation

For testing by ‘Ubi clipping with BpJOS’, PARKIN chains were generated by
collaboration partner Dr. Maria Georgina Herrera from the Winklhofer lab, Ruhr
University Bochum. All purified proteins and the reaction were prepared by the
Winklhofer lab and kindly provided for this study together with the following information
in this chapter for their preparation (a-d).
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a. Protein expression and purification of Parkin

BL21 pLys (DE3) were transformed with the plasmid (ampicillin resistance).
Precultures were produced overnight and 4 liters LB cultures were grown to OD around
0.9. Then they were taken to 20 °C and induced overnight with 50 uM IPTG and 50 yM
ZnCl2. The pellets were harvested and resuspended in Lysis buffer: 20mM Tris-HCI
pH 7.4, 120mM NaCl, 0.5mM TCEP with protease inhibitor and DNase |, MgCl2 and
RNAse I. The cells were lysed using a French press, and 2% triton was added to the
lysate, and it was incubated for 1 hour at 4°C under rotation. Then, the lysate was
centrifuged at 45.000 g for 45 minutes. The purification was carried out using a
GST-TRAP 16/100 column. The equilibration and washing buffer were 20mM Tris-HCI
pH 7.4, 120mM NaCl, 0.5mM TCEP. The protein was eluted with 20mM Tris-HCI pH
7.4, 120mM NaCl, 0.5mM TCEP, 20mM glutathione. GST-precision protease was
added to the eluted protein and dialyzed in buffer 20mM Tris-HCI, pH 7.4, 120 mM
NaCl, 0.5mM TCEP. The dialyzed protein was passed again through the GST-TRAP
(Cytiva) column to bind GST, GST-precision protease, and the uncleaved protein,
yielding untagged FL-Parkin.

b. Parkin phosphorylation by Pink1

Parkin was mixed with GST-PINK1 at a 1:10 protein kinase ratio. The phosphorylation
was carried out by adding 1 mM ATP and Mg*? and incubating the sample for 2 hours
at 37°C. After the reaction was produced, PINK1 was removed using a GST-TRAP
column. Then, the ATP was removed using a Zeba spin desalting column, and the
protein was rebuffered in 20 mM Tris-HCI, 200 mM NaCl, 1 mM DTT using a Vivaspin
(Sartorius) desalting collum. The protein purity was checked by SDS-PAGE and the
concentration was determined using absorbance at 280 nm and the extinction
coefficient of each construct by Nanodrop (Thermo Fisher).

c. Purification of GST-M1-linked tetra-ubiquitin

GST-M1-linked tetra-ubiquitin was expressed in E. coli Rossetta (pLysS). Cells were
grown at 37°C to an OD (600 nm) of 0.6—1.0. Protein expression induction 300 uM
IPTG ON at 16°C. The bacteria were centrifuged, and the pellet was resuspended in
lysis buffer and frozen.

Purification of GST-M1-linked tetra-ubiquitin was performed by standardized methods
(Wu et al., 2022). After centrifugation for 40 min at 38,000 g, the protein was purified
by glutathione Sepharose 4B resin (GE Healthcare). The elution was dialyzed and
treated with precision protease. Another purification step to remove the tag and the
protease was implemented using anion exchange chromatography (Hi-Trap Capto Q,
Cytiva), where the protein is obtained in the flow-through. The protein purity was
checked by SDS-PAGE and the concentration was determined using absorbance at
280 nm and the extinction coefficient of each construct by Nanodrop (Thermo Fisher).
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d. Reaction:

The reaction was carried out in 20 mM Tris-HCI, 200 mM NaCl in the presence of 1 uM
E1, 2 uM E2 (UBE2L3), 4 yM phospho-Parkin and 50 yM 4xM1-ub. The reaction was
initiated by adding ATP/Mg*? and incubated for 2 h at 37°C. Then the reaction was
stopped by adding Laemmli buffer and heating for 5 minutes at 95°C.

2.2.6 Ubi clipping of in vitro ubiquitin chains

For ‘Ubi clipping with BpJOS’, 20ug of 2K48 and 2K63 di-ubiquitin chains or NleL chain
mix (2.2.4) were incubated with 10uM BpJOS for 1h on ice. Proteins were denatured
by addition of 8M Urea (6M Urea, 2M Thiourea in 50mM TEAB, MS-grade). Samples
were reduced and alkylated by supplementation with 5mM DTT (Dithiothreitol) f.c. (1h,
RT) and 40mM CAA (Chloroacetamide) f.c. (45min, RT, dark), respectively. Urea, DTT
and CAA were provided by the CECAD proteomics facility, Cologne. In preparation for
enzymatic digest, the urea concentration was diluted to >1M with buffers appropriate
for used protein digestion enzyme. The enzyme GluC used is sensitive to chloride ions,
therefore salt concentrations for these samples were reduced using the Zeba™ Spin
Desalting Columns (7K MWCO, #89887, ThermoFischer) according to the
manufacturer’s protocol prior to GluC digestion. For GIuC or AspN digest, 50mM
ammonium bicarbonate buffer (ABC buffer, Proteomics facility) was added to the
samples. For digestion with Chymotrypsin, the samples were supplemented with
100mM Tris-HCI pH8.0, 10mMCaCl2 in accordance with the manufacturer’s protocol.
The site-specific proteases used for protein digestion in the bottom-up mass
spectrometry approach and the appropriate incubation temperatures are listed in Table
12. Samples were incubated with the respective enzyme at a 1:40 substrate: enzyme
ratio gently shaking for 16h. The reactions were quenched by addition of 1%
trifluoroacetic acid (TFA). The preparation of samples for Liquid chromatography—mass
spectrometry (LC-MS/MS) is described in chapter 2.4.1.

Table 12: Protein digestion enzymes used for bottom-up proteomics in this study.

Enzyme Source Incubation temperature [°C]
GluC Promega, V1651 37
Chymotrypsin Roche, 11418467001 25
AspN Promega, V1621 37
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2.2.7 SDS-PAGE

Mixtures of purified protein or clarified cell lysates (see 2.3.5) were resolved using
denaturing polyacrylamide gel electrophoresis (PAGE) supplemented with sodium
dodecyl sulfate (SDS). Purified protein mixtures were supplemented with 2xLammli
buffer and separated on a 12% polyacrylamide gel (Table 13) in a Mini-PROTEAN Tetra
vertical electrophoresis cell (Bio-Rad Laboratories). Running buffer in the inner
chamber (25 mM Tris, 190 mM glycine, 0.1% SDS) was supplemented with 100mM
sodium acetate for the outer chamber to enhance the resolution of smaller proteins.
Gels were stained by Coomassie staining with InstantBlue solution (Sigma-Aldrich) or
subjected to western blotting.

For large-scale experiments with more than 16 samples, the Criterion Vertical
Electrophoresis Cell (BioRad) was used in combination with commercially available
Criterion TGX Pre-cast gels and the appropriate running buffer (25mM Tris, 192mM
glycine, 0.1% SDS, pH 8.3).

Preparation of samples from cell lysates are described in chapter 2.3.6.

Table 13: Recipe for six 12% SDS gels.

Component Stacking gel [ml] Separating gel [ml]
Rotiphorese Gel 40 (Roth) 1.275 9

1.5 M Tris pH 8.8 n/a 7.8

1 M Tris pH 6.8 1.25 n/a

10 % SDS 0.1 0.25

H.O 7.265 12.676

10 % Ammonium persulfate (APS) 0.1 0.25
Tetramethyl ethylenediamine 0.01 0.024
(TEMED, Roth)

2.2.8 Western blotting

Proteins separated by SDS-PAGE were transferred onto polyvinylidene fluoride
(PVDF) membranes via semi-dry blotting using the TransBlot Turbo system (Biorad)
according to the manufacturer’s protocol. BioRad TGX Pre-cast gels were blotted using
the Scie-Plas V20-SDB blotting system. The western blotting stack was assembled
according to standard procedure. In brief, Whatman paper were pre-soaked in transfer
buffer (25mM Tris, 192mM glycine, 10% (v/v) methanol, 0.1% SDS) and layered with
the methanol pre-soaked PVDF membrane and polyacrylamide gel followed by a
second layer of Whatman paper. Transfers were conducted at 98mA for 1-1.5h
(Scie-Plas system) or 1A for 30 minutes (BioRad TransBlot system).
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2.2.9 Immunoblot analysis

Membranes were handled in PBS buffer (Table 14) supplemented by 0.05% Tween20
(PBS-T). After transfer, membranes were blocked in blocking solution (1xPBS-T, 5%
(w/v) milk powder) for 1h to reduce unspecific antibody binding. Membranes were then
incubated with primary antibodies diluted in blocking solution for 16h at 4°C. The list of
used primary antibodies and the respective dilutions is given in Table 15. After
incubation, membranes were washed three times for 5-10 minutes with PBS-T by
gentle rocking followed by, if applicable, the incubation with the appropriate secondary
antibody coupled to horseradish peroxidase (HRP) for 1h at room temperature (RT,
Table 16). Unbound secondary antibodies were removed by washing three times with
PBS-T. The analysis was conducted using enhanced chemiluminescence (ECL).
Chemiluminescent signals were developed using an ECL substrate (Advansta
WesternBright ECL) according to the supplier’s instructions and recorded using a
digital imaging system (Gel Doc XR+ system or GelDoc Go system, BioRad
Laboratories). The exposure times were adjusted to avoid oversaturation. Image files
obtained were analyzed using the ImageLab software version 5.2.1 (BioRad).

Table 14: Recipe for 10x PBS in H2O.

Ingredient Concentration [M]
NaCl 1.37
Na2HPO4 0.1

KCI 0.027
KH2PO4 0.019

Table 15: List of primary antibodies used in this study.

Antibody Manufacturer Product No. | Species | Dilution
a-FLAG-HRP Miltenyi Biotec 130-101-572 | human | 1:5000
a-GAPDH Invitrogen 39-8600 mouse | 1:1000
a-1ISG15 Proteintech 15981 rabbit 1:500
a-K-e-GG Lucerna 30-0100 mouse 1:500
a-M1-Ubiquitin Sigma-Adrich ZRB2114 rabbit | 1:1000
a-M1-Ubiquitin AG Walczak, Univ. Cologne n/a rabbit 1:1000
a-NEDD8 Abcam ab81264 rabbit 1:500
a-Tubulin Millipore Sigma T6074 mouse | 1:1000
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a-Ubiquitin Sigma-Aldrich 05-944 mouse | 1:3000
a-B-Actin Santa Cruz sc-81178 mouse | 1:1000
Table 16: List of secondary antibodies used in this study.
Antibody Manufacturer Product No. Dilution
HRP a-mouse Cell Signaling 7076 1:3000
Technology
HRP a-rabbit Cell Signaling 7074 1:3000
Technology

2.3 Cell biology
2.3.1 Cultivation of human cells

Cell lines HEK293T and HEK-Blue™ IFN-a/p cells were maintained in Dulbecco’s
modified eagle medium (DMEM; Gibco) supplemented with 10% fetal bovine serum
(FBS; PAN-Biotech) and 1% Penicillin-Streptomycin (100U/ml penicillin, 0.1mg/ml
streptomycin; Sigma Aldrich). Used cell lines were maintained in 10cm dishes as
adherent cultures at 37°C and 5% COz2 in a humidified incubator. Cultures were
routinely inspected under an inverted light microscope (Zeiss Primovert) for cell
confluence and morphology. Used cell lines and their sources are listed in Table 17.

Table 17: Human cells lines used in this study.

Cell line Source
HEK293T ATCC
Invivogen,
HEK-Blue™ IFN-a/B kind gift by Prof Dr. K.P. Knobeloch, University Medical
Center Freiburg

2.3.2 Cell passaging and seeding

Cells were passaged at a 70-90% confluency by aspiration of the medium, washing
with sterile 1xPBS and treatment with Trypsin-EDTA in PBS (Biowest) for cell
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dissociation. The enzymatic reaction was neutralized by added medium, and the
solution was centrifuged at 150xg for 5 minutes. The supernatant was discarded, the
pellet resolubilized in fresh medium and plated onto new culture dishes in a split ratio
of 1:10 (HEK-Blue™ IFN-a/B) or 1:30 (HEK293T). Seeding densities used for different
experiments varied across cell lines and purpose and are listed in Table 18. Cells were
counted using a cell counter chamber (CytoSmart) and an automated cell counter
(Corning) with visualization in the Axis Vue software (Axion Biosystems).

Table 18: Seeded cell numbers for used cell lines and the respective experiment.
The time of harvest refers to the time after seeding. Cell no., Number of seeded cells.

Cell line Experiment type Cell No. | Harvest Vessel
HEK293T Clippase-treatment on cell |, o 106 | 41 10cm dish
lysate
IFNB-treatment in culture &
_ ™
:—Ilf\l}fa?éue Clippase-treatment on cell 2x106 48h 10cm dish

lysate

2.3.3 Transfection

Cells were transfected one day after seeding at a confluency of 70-90%. HEK293T
cells were transiently transfected using polyethylenimine (Boussif et al., 1995). For
each condition the plasmid was diluted in serum-free and antibiotics-free DMEM and
supplemented with the PEI reagent in a PEI:DNA ratio of 2.5:1. The transfection mix
was incubated for 15 minutes to allow for PEI:DNA complex formation. The culture
medium was removed and cells were washed with sterile PBS before replenishment
with FBS-reduced (50%) DMEM. The transfection mix was then drop-wise added to
the cells followed by incubation at 5% CO2 and 37°C. After 4 to 5 hours, the medium
was replaced with fresh regular FBS DMEM medium. The cells were harvested 24h
after transfection. Volumes and solutions used for PEI transfection for 6-well plates are
shown in Table 19. All experiments include a PEIl-treated negative control without a
transfected plasmid.

Table 19: Volume and quantity used for PEI transfection of HEK293T cells.

Culture plate ’ Serum-free medium [ul] ’ DNA [ug] ‘ PEI (1pg/ul) [u1]
6-well ‘ 250 ‘ 2 ‘ 5
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2.3.4 Cell treatments in culture

HEK-Blue™ IFN-a/B cells were treated with Ubiquitin-activating enzyme (UAE; UBA1)
inhibitor TAK243 (Cayman) at 500nM for 4h to diminish ubiquitination events in the
cells. For the reduction of basal neddylation levels, Nedd8-activating enzyme (NAE)
inhibitor MLN4924 (Merck Millipore) was supplemented to cultures at 1uM for 5h.
Concentrations used for TAK243 and MLN4924 were titrated to target the levels of the
intended modifier, but to omit cross-reactions against ISG15 (Brownell et al., 2010;
Hyer et al., 2018). Vehicle (DMSO) and compound-treated plates were handled
identically.

For induction of Interferon-stimulated gene expression (ISGs) in HEK-Blue™ [IFN-a/3
cells, cultures were treated with 1x102 U/ml human Interferon-beta (IFNB) for 24h or
48h, as indicated at the respective figure. The IFNB (Proteintech) stock was prepared
by reconstitution of 50ug lyophilized IFNB in 50pl sterile H20 and further dilution with
450yl sterile 0.1% bovine serum albumin (BSA, Gibco) in PBS solution. Cell treatments
were stopped by cell harvest.

2.3.5 Cell harvest and lysis

For cell harvest, the culture medium was aspirated the cells were washed with ice-cold
1xPBS. The cells were then scraped in 1ml of PBS using a cell scraper and transferred
into a fresh Eppendorf tube. Cell suspension was centrifuged for 5 minutes, 500xg and
4°C. The PBS supernatant was removed, and cell pellets were resuspended in an
appropriate volume of lysis buffer (20mM Tris, 150mM NaCl, 0.5% NP-40, 2mM
Ethylenediaminetetraacetic acid (EDTA), 5mM N-Ethylmaleinimid (NEM)). Cysteine
protease inhibitor NEM and divalent cation chelator EDTA, which prevents
metalloprotease activity, were added to preserve protein integrity and present
modifications (Beyer et al., 2013; Green & Sambrook, 2012). After brief sonication at
30% amplitude with 3x 10s pulses the cell debris was cleared by centrifugation at
13.000xg for 15 minutes. Total protein concentration of the supernatant was measured
by using a Bradford protein assay.

2.3.6 Bradford assay

Protein concentrations of lysates were determined by employing a Bradford protein
assay using ROTI-Quant (Roth) according to the manufacturer’s protocol. Samples
were measured at a spectrophotometer. The BSA dilutions used for the standard curve
and the measured dilutions of lysates were prepared in lysis buffer (chapter 2.3.5)
lacking NP-40. The detergent could distort protein measurement resulting in an
inaccurate reflection of protein concentration (Compton & Jones, 1985). The protein
concentration of lysates was interpolated from the BSA standard curve. Lysates were
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measured in triplicates and the measurements were averaged. Protein concentrations
were adjusted to 5ug/ul, if not indicated otherwise. Samples were either mixed with 5x
Lammli buffer (Table 20), denatured at 95°C for 5 minutes and analyzed by SDS-PAGE
and immunoblot analysis or were further processed by in-lysate treatments.

Table 20: Recipe for 5xLammli buffer used for cell lysates.

Component Concentration
Tris pH 6.8 300mM
SDS 10% (w/v)
Glycerol 50% (v/v)
Bromophenol blue 0.03% (w/v)
B-mercaptoethanol 25% (vIv)

2.3.7 Cell lysate treatment with Clippases and DUBs

For enzymatic treatment of cell lysates, unreacted cysteine inhibitor NEM in the lysis
buffer was quenched by addition of 10mM DTT and incubation for 10 minutes on ice
(G. Shen et al., 2018). Tested proteins and incubation times vary and are indicated at
the respective figure. If not subjected to the Clippomics protocol including mass
spectrometry analysis, samples were prepared for SDS-PAGE and immunoblot
analysis (2.2.7, 2.2.9).

For the Clippomics methodology test, lysates were pre-treated with purified pan-DUB
SnUSP1 or deneddylase NEDP1 for removal of residual ubiquitination or neddylation
(Boll et al., 2023; Mendoza et al., 2003; L. Shen et al., 2005). After incubation with DTT,
samples were supplemented with 10uM SnUSP1 or 10uM NEDP1 for 1h on ice. The
generation of GlyGly-sites on present modifiers was conducted by incubation with
10uM BpJOS or 40uM Lbpro WT for 1h or 2h on ice, as indicated at the figures. All
enzymes where pre-diluted in reaction buffer (2.2.2), if necessary.

2.3.8 Clippomics sample preparation for mass spectrometry

For the Clippomics method, pre-treated cell lysates (2mg protein per sample) were
precipitated by addition of 4 times the sample volume 100% MS-grade acetone, cooling
at -80°C for 15 minutes and over 120 minutes at -20°C. The samples were centrifuged
at 6000xg for 15 minutes at 4°C before removal of the acetone and air-drying for 20
minutes at RT. The proteins pellets were further denatured by resuspension in 8M
MS-grade Urea for a concentration of 25ug/ul. Samples were reduced by addition of
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DTT (4.5mM f.c.) for 1h at RT and alkylated by treatment with CAA (40mM f.c.) under
light-protected conditions for 30 minutes at RT. In preparation for enzymatic protein
digestion, the urea concentration was diluted by addition of buffers or left undiluted.
Enzymes used and the respective buffers used for dilution are listed in Table 21.
Digestion was conducted at an enzyme:substrate ratio of 1:200 for the initial clippomics
establishment (3.2.1), which was conducted during the master thesis (Kolek, 2021) or
at a Lysarginase:substrate ratio of 1:50 for all following Clippomics studies for 18h.
Prior to C18 purification and GlyGly-enrichment, efficient Lysarginase digestion of
proteomic samples was tested by LC-MS/MS measurement of 10ul lysate (2.4.1,
2.4.2).

Table 21: Used digestion enzymes for the Clippomics method.

Digestion Source Used buffer Incubation

enzyme temperature [°C]

Lysarginase Merck Millipore, | 50mM HEPES pH7.5, 37

EMS0008 5mM CaClz

Chymotrypsin Roche, 100mM Tris pHS, 25
11418467001 10mM CacClz

LysC Promega, no dilution required 37

VA1170

2.3.9 C18 purification and GlyGly-enrichment

For the Clippomics method, digested proteins were cleared from salts and
concentrated by C18 purification using C18 cartridges SepPak® 3cc 200mg (Waters,
WAT054945) columns. The purification was conducted according to the protocol of
used PTMScan® HS Ubiquitin/SUMO Remnant Motif (K-e-GG) Kit (Cell Signaling
Technologies, #59322). After desalting, purified peptides were eluted in 0.1%
Trifluoroacetic acid (TFA), 50% acetonitrile solution. The solvent was removed under
vacuum using a SpeedVac instrument. The drying of peptides was kindly conducted
by members of the Neundorf lab (Biochemistry Institute, University of Cologne) using
a XcelVap® Automated Concentration/Evaporation System at 1200mbar and 23°C for
~6h. The information was kindly provided by M.Sc. Melina Ruppel, Neundorf lab.

Dry peptides were stored at -80°C until subsequent immunoaffinity purification (IAP) of
GlyGly(K)-sites using the PTMScan® HS Ubiquitin/SUMO Remnant Motif (K-e-GG) kit
according to the manufacturer’s protocol. After the enrichment, the peptide eluate was
present in 50ul IAP buffer and stored at -20°C until preparation for mass spectrometry.
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2.4 Mass spectrometry
2.4.1 Stage tip purification of peptides

Digested peptides were purified using Stage tips containing two layers of
Styrenedivinylbenzene—Reversed Phase Sulfonate (SDB-RPS) disks. All buffers and
the protocol used were provided by the Proteomics Core Facility Cologne. In brief, the
disks were equilibrated by addition of 20ul methanol, 20ul 0.1% formic acid in 80%
Acetonitrile (Buffer B) and two washes with 20pl 0.1% formic acid in water (Buffer A)
Each step was followed by centrifugation 2.600 rpm for 1 minute at RT. If samples have
not been acidified at this step, samples were supplemented with 0.1% formic acid (FA)
in water for a f.c. of 1% (FA) and cleared by centrifugation at 13.000xg for 5 minutes
before loading onto the Stage tips. After centrifugation for 5 minutes, disks were
washed with two times 30yl Buffer A followed by one wash with 30ul of buffer B. Stage
tips were dried by passing air through the tip with a syringe after the last wash step
and stored at 4°C until measurement by the Core Facility.

2.4.2 LC-MS/MS

Peptide samples were measured by liquid chromatography tandem mass spectrometry
(LC-MS/MS) by the Proteomics Core Facility Cologne, which kindly provided the
following measurement information.

Samples were analyzed by the CECAD Proteomics Facility on an Orbitrap Exploris
480 (Thermo Scientific, granted by the German Research Foundation under INST
216/1163-1 FUGG and INST 1856/71-1 FUGG) mass spectrometer that was coupled
to an Vanquish neo in trap-and-elute setup (Thermo Scientific). Samples were loaded
onto a precolumn (Acclaim 5um PepMap 300 uy Cartridge) with a flow of 60 ul/min
before reverse-flushed onto an in-house packed analytical column (30 cm length, 75
Mm inner diameter, filled with 2.7 ym Poroshell EC120 C18, Agilent). Peptides were
chromatographically separated with an initial flow rate of 400 nL/min and the following
gradient: initial 2% B (0.1% formic acid in 80 % acetonitrile), up to 6 % in 3 min. Then,
flow was reduced to 300 nl/min and B increased to 20% B in 26 min, up to 35% B within
15 min and up to 98% solvent B within 1.0 min while again increasing the flow to 400
nl/min, followed by column wash with 95% solvent B and re-equilibration to initial
condition. The mass spectrometer was operated in data-dependent acquisition with a
cycle time of 1 s with MS1 scans acquired from 350 m/z to 1400 m/z at 60k resolution
and an AGC target of 300%. MS2 scans were acquired at 15 k resolution with a
maximum injection time of 118 ms (whole proteome samples: 52ms) and a normalized
AGC target of 50% (whole proteome samples:100%) in a 2 Th window and a fixed first
mass of 110 m/z. All MS1 scans were stored as profile, all MS2 scans as centroid.
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The raw data obtained was autonomously analyzed using MaxQuant (v1.6.12, v2.6.4)
and visualized using Perseus (v1.6.15.0 and v2.1.2.0(Cox & Mann, 2008; Tyanova et
al., 2016). For the analysis by MaxQuant, the tables ‘proteingroups’,
‘GlyGly(K)modifications’ and ‘modificationSpecificPeptides’ were employed depending
on the experiment type.

2.4.3 Intact mass

For analysis of potential clippase activity by intact mass, 10uM PcJOS in reaction buffer
(see 2.2.2) was mixed 1:1 with 500mM 2M1 ubiquitin chains. The reaction was
quenched after a 2h incubation time at RT by addition of 13,2yl inhibitor solution (0.1%
formic acid, 4mM NEM) and submitted to the Proteomics Core Facility Cologne. The
following paragraph was provided by the Core Facility and Dr. Thomas Hermanns:

The PcJOS reaction was analyzed on a Q Exactive Plus Orbitrap (Thermo Scientific)
mass spectrometer that was coupled to an EASY nLC (Thermo Scientific). Proteins
were diluted in solvent A (0.1% formic acid in water) and loaded onto an in-house
packed pulled tip column (18 cm length, 75 um 1.D., filled with MABPac™ RP polymeric
resin, 4 ym, 1.500 A, Thermo Scientific). The column was operated at 50 °C and
proteins were separated at a constant flow rate of 600 nL/min using the following
gradient: 3-15% solvent B (0.1% formic acid in 80 % acetonitrile) within 1.0 min, 15-
60% solvent B within 15.0 min, 60-95% solvent B within 1.0 min, followed by washing
and column equilibration. Full MS1 scans were acquired from 600-2000 m/z combining
2 microscans at a resolution of 140,000. The AGC target was set to 3E6 and the
maximum injection time to 200 ms. Combined exact mass spectra of selected scans
were exported from Excalibur 3.1 (Thermo Scientific).

Obtained raw data were analyzed using the opensource mass spectrometry tool
mMass v5.5 (Niedermeyer & Strohalm, 2012) by Dr. Thomas Hermanns (Hofmann
lab, Cologne).
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3 Results

3.1 Identification and characterization of novel clippases

Clippases are a newly found class of de-modifying enzymes, which were shown to
cleave ubiquitin and ubiquitin-like modifiers before their C-terminal GlyGly-motif. This
newly discovered cleavage mode was first shown to be employed by viral leader
protease of foot-and-mouth disease virus Lbpro (Swatek et al., 2018). Recent studies
using bioinformatical database searches revealed the existence of a multitude of
ubiquitin C-terminal clippases (UCCs) in bacterial genomes of various genera
(Hermanns et al.,, 2025). Biochemical in vitro characterization of the UCCs
demonstrated varying cleavage activities in terms of ubiquitin chain specificity and
speed. Among the discovered UCCs are BpJOS from Burkholderia pyrrocinia, BcJOS
from Burkholderia catarinensis and PcJOS from Parachlamydia sp. To deepen the
understanding of clippase activity and specificity, these UCCs were, amongst
additional UCC candidates, tested on endogenous ubiquitination levels as found in cell
lysates.

3.1.1 BpJOS, BcJOS and SnJOS1/2 show clippase activity in cell lysate

Bioinformatical database searches (Hermanns and Hofmann 2023) had led to the
identification of multiple UCC candidates in several bacterial genera (Kay Hofmann,
personal communication; Hermanns et al., 2025). The goal was to potentially identify
candidates, which employ clippase activity on ubiquitin and, ideally, would show
modifier- or linkage-specificity in later biochemical characterizations. As solely
sequence-based determinants for clippase activity have not been identified yet,
representative candidates of potential bacterial Josephin members were selected for
activity tests. These candidates include enzymes from Burkholderia pyrrocinia,
Simkania negevensis, Burkholderia catarinensis, Pseudovibrio sp., Chlamydiales sp.,
Pigmentiphaga aceris, Herbaspirillium sp., and Parachlamydia (Hermanns et al.,
2025). One single candidate, ChNJC from Chlamydiales bacterium STE3 does not
belong to the Josephin family but harbored a predicted clippase-like active site and
was therefore included in the test panel as a ‘non-Josephin clippase candidate’ (NJC).
The comprehensive list of assessed enzymes and their origin is given in Table 22.
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Table 22: Enzymes characterized for ubiquitin C-terminal clippase (UCC) activity.

UCC Candidate Origin species Uniprot Accession No.
BpJOS Burkholderia pyrrocinia AOA118Q714
BcJOS Burkholderia catarinensis AOA1J9PQV4
SnJOS1 Simkania negevensis F8L436
SnJOS2 Simkania negevensis F8L650
PcJOS Parachlamydia sp. AOA2HISUG6
PvJOS Pseudovibrio sp. AOA165MKTO
PaJOS Pigmentiphaga aceris AOA5COB1LO
HeJOS Herbaspirillium sp. J3HREO
CsJOS Chlamydiales bacterium STE3 KAF3361746.1
ChNJC Chlamydiales sp. AOA1TM3CS75

A multiple sequence alignment of the selected Josephin candidates revealed the
conservation of the predicted active-site residues Cys, His and Asp/Asn and multiple
conserved residues surrounding the active site when compared to two the human
Josephins ATXN3L and JOSD2 (Figure 12, Kay Hofmann). The aromatic gatekeeper
motif, shown to direct the ubiquitin cleavage position in several regular DUBs, was
present in five of nine candidates (Figure 12, highlighted in blue; Hermanns et al.,
2020). The presence of the proposed catalytic triads and the alignment of several
amino acid positions warranted the testing of the identified candidates in biochemical
experiments for potential clippase activity.
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Figure 12: Multiple sequence alignment of bacterial Josephin-family members.
Multiple-sequence alignment of all bacterial Josephin ubiquitin C-terminal clippase (UCC)
candidates covered in this study. Sequences are aligned and compared to two human
Josephins (bottom lines). Residues printed in black or grey background are invariant or
conservatively replaced in at least 50% of all considered bacterial Josephin sequences. The
active site residues are highlighted in red and the conserved aromatic motif is highlighted in
blue (Kay Hofmann, personal communication).
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Depending on the presence of transmembrane and unstructured regions, either
full-length proteins or predicted catalytic domains were expressed by Dr. Thomas
Hermanns (Institute for Genetics, Cologne). Most candidates were characterized
biochemically in in vitro assays using purified ubiquitin substrates and activity-based
probes in a collaborative publication of the Hofmann group (Hermanns et al., 2025).
The publication contains some of the data generated in this thesis project.

To assess the catalytic properties of tested UCCs and UCC candidates in a complex
environment, their activity was comprehensively tested on HEK293T cell lysate and
analyzed by western blotting. Potential deubiquitination activity was monitored with an
anti-ubiquitin antibody. In parallel, potential clippase activity was tested using an
anti-K-e-GG antibody, which specifically detects GlyGly-remnants on the
epsilon-amino-group of lysine residues (G. Xu et al., 2010).

HEK293T cell lysate incubated with purified N-terminally truncated BpJOS'>218
showed complete deconjugation of cellular ubiquitination when compared to the
untreated control (Figure 13A). Only the band at around 10kDa corresponding to
monomeric ubiquitin remained detectable. Simultaneously, BpJOS generated strong
signals across all molecular weights detected with the anti-K-e-GG antibody. As
ubiquitination was cleaved down including the last moiety, the GlyGly-remnants
reflected former ubiquitinated substrates carrying the GlyGly-marking. This result
evidently demonstrated clippase-activity by BpJOS. Incubation of lysate with the
purified catalytic active domain of USP21196-%65 was used as a control and resulted in
complete removal of substrate ubiquitination but failed to generate signal with the
K-e-GG-antibody (Figure 13A). USP21 belongs to the USP class and is known as a
highly active conventional DUB cleaving all ubiquitin chain types (Hospenthal et al.,
2015; Ye et al., 2011) underlining the specificity of the K-e-GG-antibody and its
suitability for detection of clippase products in complex samples. The two eukaryotic
Josephins ATX3L and JOSD2 showed moderate reduction of general ubiquitination
levels when tested on lysate (Figure 13A). As for the catalytic domain of USP21, lysate
treatment with ATX3L and JOSD2 did not generate GlyGly-signals.
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Figure 13: BpJOS, SnJOS1 and SnJOS2 clip ubiquitin in cell lysate. HEK293T cell lysates
were left untreated or were treated with the indicated purified proteins at 10uM f.c. followed by
incubation on ice. Samples were analyzed by western blotting and detection with antibodies
against ubiquitin and GlyGly-remnants on lysine residues (K-e-GG). A) Cell lysate was treated
with purified BpJOS'2218 USP21196-%65 ATX3L or JOSD2 for 6h or 16h. Tubulin was detected
as a loading control. B) Cell lysate was treated with SnJOS1 or SnJOS2 for 6h. Beta-actin was
detected as loading control. K-e-GG, Diglycyl-epsilon-aminogroup-lysine; 3-actin, beta-actin.

Treatment of HEK29T lysates with SnJOS1 and SnJOS2 from Simkania negevensis
demonstrated generation of GlyGly-markings with SnJOS1 showing higher activity
compared to SnJOS2 (Figure 13B). The SnJOS enzymes were less active than
BpJOS, considering that 6h incubation with SnJOS1/2 only partially cleared
HMW-ubiquitination, while 6h incubation with BpJOS removed all ubiquitination (Figure
13A).

Purified catalytic domain of UCC candidates PvJOS7%419% from Pseudovibrio sp.
showed moderate deubiquitinase activity when added to lysate, while GlyGly-signals
remained undetectable, suggesting regular DUB activity (Figure 14A).

The two candidates from Chlamydiales sp., CsJOS5%6-28% and ChNJC56-28 as well as
PcJOS79-324 from Parachlamydia sp. appeared inactive in this experimental approach
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as neither a decrease of ubiquitination levels nor the production of GlyGly-remnants
were observed for all three candidates (Figure 14A,B).

Full-length BcJOS from Burkholderia catarinensis displayed major ubiquitin
deconjugation activity in cell lysate cleaving all ubiquitination within 1 hour incubation
on ice (Figure 14B). BcJOS resembled the activity of BpJOS as both were able to
efficiently cleave ubiquitin moieties down to the GlyGly-motif remaining on former
substrates (Figure 14B). UCC candidates PaJOS from Pigmentiphaga aceris and
HeJOS from Herbasprillium sp. demonstrated lower activity against cellular
ubiquitination when compared to BcJOS and BpJOS. The absence of detectable
GlyGly-remnant production suggested PaJOS and HeJOS to be conventional DUBs,
while PcJOS was seemingly inactive.

Based on this characterization using the anti-K-e-GG antibody, BpJOS, SnJOS1
SnJOS2 and BcJOS could be verified as UCCs, with BpJOS and BcJOS demonstrating
the highest activity when tested on HEK293T cell lysates.

3h 5h 1h
o ° °
A) g 00 20 300 20 B) ¢ 0 o O o ©O
E S 5 Z2 5 5 5 5 Z2 5 = = = = b | =
(=) > 0 < Q T > » Q c Q. [$) © (] [$]
kDa S o O O m 5 o O O m kDa S 53] m o :E o
.
«/@°08 0 B -,
130 — . 130 —
95 — . 3 95 —
72— v 72 —
13
55— 55— - *.‘
43 Ubiquitin 43— ;; Ubiquitin
34— 34— ’
26— - 2671 - - s ==
174 175 C— - e —
10 - -M 10 —|— S e =S e e
v
180 5 . 180 -
130 — . 1%8_ -
95— * % . b 95 -
[ . 72 "‘ |~
55— & 55 >
43— ¢ : ] . 43 .
K-e-GG . K-e-GG
34 . : p 34— >
26 e 26
17 - - . . ; 17 — - -
10 : - —_ 10— —_— o=
55 ] w— ————— — — —— Tubulin 43— W— W— s e e s | B-actin

Figure 14: Candidates PvJOS, B¢cJOS, PaJOS and HeJOS show ubiquitin-deconjugating
activity in cell lysate. HEK293T cell lysates were left untreated or were incubated with 10uM
of the indicated purified proteins and incubated on ice. Samples were analyzed by western
blotting and detection with antibodies against ubiquitin and GlyGly-sites on lysine residues
(K-e-GG). A) Cell lysates were treated with PvJOS764109%  CsJOS%6-289 ChNJC6-2% or
BpJOS'22'® for 3h or 5h. Tubulin was detected as a loading control. B) Cell lysate was
incubated with BpJOS'22'8 BcJOS, PaJOS'812146 HeJOS or PcJOS’%324 for 1h. Beta-actin
was detected as loading control. K-e-GG, Diglycyl-epsilon-aminogroup-lysine; -actin, beta-
actin. Figure B) was published in Hermanns et al. 2025, see figure 1E.
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3.1.2 PcJOS is an M1-specific clippase

PcJOS from Parachlamydia sp. showed no visible activity when tested on lysate of
HEK293T cells (Figure 14B). Bacteria of the Parachlamydia genus, such as
Parachlamydia acanthamoebae are obligate intracellular bacteria that naturally infect
amoeba (Greub, Mege, & Raoult, 2003). However, studies with human macrophages
have shown that the bacteria can enter these cells under experimental conditions
rendering it a potential human pathogen (Greub, Mege, & Raoult, 2003). Bacterial
invasion into human cells triggers defense responses leading to a unique subset of
expressed proteins and ratios of specific ubiquitin chain topologies, which are less
prevalent in unstressed cells. One example is the absence or low basal levels of linear
chains in most unperturbed cells (Tsuchiya et al., 2018; P. Xu et al., 2009).

To investigate whether PcJOS inactivity in lysate of HEK293T cells was based on the
absence of the appropriate substrate, PcJOS was probed against a panel of purified
di-ubiquitin of all chain types. PcJOS cleaved linear di-ubiquitin chains at nano-molar
concentrations demonstrating its specificity for M1 chains (Figure 15A). Linear chains
are present at only low levels in unstressed cells providing an explanation for the
absence of activity in HEK293T cell lysate (Figure 14B). To test whether PcJOS
exhibits conventional DUB or clippase activity, linear di-ubiquitin chains were incubated
with PcJOS and analyzed by intact mass analysis (Figure 15B). The products of the
reaction corresponded to m/z ratios for one ubiquitin moiety lacking a GlyGly-motif
(UbAGG) and one moiety harboring an additional GlyGly-motif (GG-Ub) confirming
clippase activity by PcJOS. The m/z ratio for an intact moiety (Ub) equals the ratio for
a moiety for with an N-terminal GlyGly-motif while simultaneously lacking the
C-terminal GlyGly-motif (GG-UbAGG). The model for PcJOS cleavage of linear
di-ubiquitin with its products is displayed in Figure 15C.

To assess whether PcJOS activity on linear chains in vitro extends to activity in vivo, a
suitable cell model was generated. HEK293T cells were transfected with components
of the LUBAC complex (HOIL1L, HOIP, Sharpin) for the generation of linear chains in
vivo (Figure 15D). In a quadruple transfection approach, cells were co-transfected with
the LUBAC components together with PcJOS, the catalytic cysteine mutant PcJOS
C162A or the M1-chain specific DUB OTULIN (Keusekotten et al., 2013). All used
constructs harbored an N-terminal FLAG tag for detection by the
a-DYKDDDDK-antibody and were successfully expressed. LUBAC-generated linear
chains detected with a linear ubiquitin-specific antibody (a-Ub M1) became
undetectable upon co-expression of PcJOS or OTULIN (Figure 15D). By contract,
levels of linear ubiquitination remained stable upon expression of PcJOS C162A
mutant, demonstrating the deconjugation activity relies on the catalytic cysteine at
position 162. Clippase activity could not be monitored by the priorly used
anti-K-e-GG-antibody as the antibody does not detect the GlyGly(M)-motif produced
by PcJOS-clipping of linear chains.
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Total ubiquitin levels decreased upon LUBAC expression, but no further reduction was
observed when cells were co-expressed with PcJOS, PcJOS CA or OTULIN.
Flag-tagged Sharpin (40.95 kDa) and FLAG-tagged OTULIN (41.26 kDa) ran at similar
molecular weights within the gel resulting in overlapping DYKDDDDK-antibody-signals
for both constructs. Efficient expression of Sharpin was demonstrated by the decrease
of total ubiquitination comparable to all other LUBAC-transfected samples. OTULIN
expression was displayed by the loss of linear chains when co-transfected with LUBAC
components (Figure 15D).

Based on the characterization activity in vitro and in vivo, PcJOS could be verified as
the first clippase with a specificity for linear ubiquitin chains.
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Figure 15: PcJOS cleaves M1 ubiquitin chains in vitro and in vivo. A) Ubiquitin chain
cleavage assay with purified PcJOS7%-324 for determination of chain specificity. Di-ubiquitin of
all chain types (50uM) were incubated with 50nM PcJOS7%32* for the indicate timepoints,
analyzed by SDS-PAGE and visualized by Coomassie staining. B) Analysis of PcJOS
cleavage mode by intact mass spectrometry. M1-linked di-ubiquitin was incubated with 5uM
(f.c.) PcJOS"324 for 2h at RT. Indicated peaks represent arbitrary intensities (a.i.) over the
mass/charge (m/z) ratio of the measured molecules. Peaks for the uncleaved linear
di-ubiquitin (2Ub(M1)) input are shown in blue. Measured peaks of the reaction products are
given in green. C) Schematic representation of possible cleavage products (green borders)
of linear di-ubiquitin (blue border) processed by PcJOS. D) HEK293T cells were transfected
with Flag-tagged LUBAC components HOIP, HOIL1 and Sharpin alone or simultaneous with
FLAG-PcJOS7%324 FLAG-PcJOS7%324C172A or FLAG-OTULIN. Samples were analyzed by
western blotting and decoration with antibodies against FLAG, linear ubiquitin (M1 Ub) and
total ubiquitin (Ub). GAPDH and tubulin were detected as loading controls. m/z, mass over
charge; CA, cysteine to alanine mutant.

Experiments shown in A) and B) were conducted during the master’s thesis (Kolek 2021) and
were published in Hermanns et al. 2025, see Figures 11&1K.
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3.1.3 BpJOS is a highly active, chain-promiscuous ubiquitin clippase

BpJOS exhibited clippase activity when added to HEK293T cell lysate cleaving all
cellular ubiquitination within 1h on ice indicating chain promiscuity (Figure 13B). To
validate this observation, di-ubiquitin chains of all linkages were incubated with purified
full-length BpJOS. Apart from K27-linked di-ubiquitin, BpJOS was able to cleave all
ubiquitin chain types in completion at a nanomolar concentration within 30 minutes
(Thomas Hermanns, Figure 16A, Hermanns et al., 2025).
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Figure 16: Characterization of BpJOS activity. A) Ubiquitin chain cleavage assay with
BpJOS. Chain specificity was tested by incubation of 50uM di-ubiquitin chains of all chain
types with 50nM BpJOS for the indicated timepoints. Analysis was conducted by SDS-PAGE
and visualization by Coomassie staining. B) BpJOS activity test in HEK293T cell lysate. Cell
lysate samples were left untreated or were treated with increasing amounts of BpJOS'22'8 for
1h on ice. Ubiquitination levels and the generation of GlyGly-remnants were monitored by
western blotting and a-ubiquitin and a-K-e-GG detection. Beta-actin (3-actin) was detected as
loading controls. Per lane 50ul of protein cell lysate was probed (10ul of 5ug/ul lysate) C)
Activity-based probe assay for modifier specificity tests of BpJOS. Propargylamine
(PA-)-coupled, C-terminally truncated ubiquitin (ubiquitin®”*-PA), Nedd8 (Nedd8'7*-PA) and
ISG15 (C-terminal moiety, ISG157%'%4-PA) probes (50uM) were incubated with 5uM BpJOS for
18h at 20°C. Asterisks (*) mark the shifted bands after reaction. Reactions were analyzed by
SDS-PAGE and Coomassie staining. K-e-GG, Diglycyl-epsilon-aminogroup-lysine
Experiments shown in A) and C) were conducted by Thomas Hermanns (Institute for Genetics,
Cologne) and published in Hermanns et al. 2025, see figures 1F and S2B. Experiment shown
in B) was included in the master thesis (Kolek 2021).
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This result demonstrated BpJOS high efficiency in chain cleavage without displaying
linkage specificity. To titrate BpJOS deconjugation activity speed in a semi-quantitative
manner, HEK293T lysate was treated with purified BpJOS for 1h on ice at different
concentrations ranging from 50nM to 10uM (Figure 16B). A minor reduction in
ubiquitination was observed at the lowest BpJOS concentration of 50nM.
Simultaneously, GlyGly-remnants of primarily high-molecular weight (HMW) were
detected with the K-e-GG-antibody. This observation indicated that BpJOS might first
collapse ubiquitin chains before completely removing them off substrates at lower
enzyme:substrate concentrations, since GlyGly-signals migrated from a higher to a
lower molecular weight with increasing BpJOS concentration (Figure 16B). At 5uM,
BpJOS disassembled nearly all detectable ubiquitination with only minor further
reduction at twice the concertation (10uM). Bands appearing close to the 10kDa
marker in samples treated with >100nM BpJOS are suggested to be single ubiquitin
moieties carrying a GlyGly-remnant at one more multiple lysine residues within
ubiquitin. These remnants are proposed to arise from initial inner-chain ubiquitin
moieties modified by a more distal ubiquitin.

To investigate whether BpJOS exhibits modifier-selectivity, an activity-based probe
assay was performed.

The probes harbored a propargylamine (PA) group, which acts as a reactive warhead,
at the C-terminus. In general, the catalytic cysteine residue of a protease attacks the
electrophilic carbon, which is positioned towards the protease active site upon
substrate binding. In case of the PA probe, the propargylamine warhead forms a
covalent bond with the attacking catalytic cysteine residue upon reaction (Borodovsky
et al., 2002). A positive reaction is visualized by the mass shift of the protease-probe
reaction compared to the mass of the protease alone. A shortened mono
ubiquitin-based model substrate (ubiquitin'"3-PA) was used, in which Arg74 was
replaced with the reactive propargylamine warhead. To assess, whether BpJOS shows
reactivity against ubiquitin-like modifiers Nedd8 and 1SG15, C-terminally truncated
Nedd8- (Nedd8'-73-PA) and the C-terminal moiety of ISG15 (ISG157%1%4-PA) were
tested.

In agreement with the prior results on purified di-ubiquitin and cellular ubiquitination
cleavage, BpJOS reacted with the ubiquitin'-"3-PA probe resulting in an upward mass
shift (Figure 16C). These results indicated that BpJOS required only one ubiquitin
moiety for successful recognition and processing in contrast to some DUBs that
necessitate the binding of two or multiple adjacent ubiquitins via their S1 and S1’ sites.
BpJOS also reacted with the Nedd8'73-PA probe, as indicated by the mass shift
demonstrating reactivity towards Nedd8. Despite the long incubation time of 18h at
20°C, BpJOS showed no reaction with the 1ISG157%1%4-PA probe indicating inactivity
against the Ubl. Taken together, BpJOS was characterized as a highly active, ubiquitin
chain promiscuous clippase, that only requires one ubiquitin for recognition and shows
cross-reactivity against Nedd8, but not ISG15.

51



Results

3.1.4 BpJOS is inactive against ISG15

BpJOS was shown to react with activity-based probes based on ubiquitin’’® and
Nedd8'73, but not the C-terminal moiety of 1ISG157%-1%* (Figure 16C). To elucidate,
whether BpJOS might require the complete ISG15 entity for recognition and, if the
inactivity against ISG15 would be reproducible in cell lysates, BpJOS was tested
against cell lysates with abundant ISGylation targets. Standardized cell culture lines
such as HEK293T cells express little, if any detectable endogenous levels of
interferon-stimulated genes such as ISG15 and its conjugation enzymes.
Consequently, most studies reconstitute the ISG15 system by ectopic expression of
interferon-stimulated genes since even under interferon-stimulation HEK293T cells
hardly show ISG expression (Durfee & Huibregtse, 2010, 2012). To avoid the need for
cell transfection, the commercially available HEK blue Interferon (IFN)-a/ reporter cell
line was selected for the subsequent tests. The cells are derived from HEK293 human
embryonic kidney cells, which were generated to stably express STAT2 and IRF9 to
achieve a fully active IFN type | signaling pathway (Invivogen, kind gift of Prof. Dr. K.P.
Knobeloch, Freiburg).

HEK blue IFN-a/B reporter cell line will be hereon after referred to as HEK blue cells.

Stimulation of HEK blue cells using human interferon-beta (IFNB) results in the
expression of ISG15 and stable ISGylation levels as monitored by western blotting and
detection with an a-ISG15 antibody (Figure 17A). Monomeric ISG15 was visible at
around 17 kDa with a ladder of ISG15 signals in the HMW range representing
ISG15-conjugated substrates. Induction of ISGylation levels by IFN( treatment for 24h
or 48h harbored similar results with no major increase in detectable ISGylation targets
for the longer timepoint (Figure 17A). As shown in Figure 17A, the anti-ISG15 antibody
produced unspecific bands at around 19kDa, 35kDa and 60kDa, which are visible even
in the untreated control.

The first ever published clippase is Lbpro, the leader protease from
foot-and-mouth-disease-virus. Lbpro was shown to act on ISGylated targets in
transfected and virus-infected Hela cells, thereby producing the
clippase-characteristic GlyGly-sites detectable with the K-e-GG-antibody (Swatek et
al., 2018).

To test, whether BpJOS would act on ISGylated targets in cell lysate, HEK blue cells
were induced by IFN treatment and lysates of those cells were incubated with 10uM
purified BpJOS. In parallel, samples were treated with 40uM purified Lbpro clippase
targeting ISG15.
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Figure 17: BpJOS is inert against ISG15 in cell lysate. HEK blue IFN-a/$ reporter cells
were treated with 1000U/ml human IFN for 24h (D), 48h (B,C) or the indicated time before
lysis. All samples were adjusted to 5ug/upl to equalize substrate concentrations across
experiments. If applicable, cell lysates were treated with the indicated purified proteins. All
proteins were incubated for 2h on ice. Samples were analyzed by western blotting and
decoration with a-1ISG15, a-ubiquitin, a-K-e-GG or a-Nedd8 antibodies. Antibodies against
Tubulin or B-actin were used as loading controls. Crosses (*) mark unspecific bands
recognized by the a-ISG15 antibody. A) ISGylation test in HEK blue reporter cells. Cells were
induced with IFNB for 24h or 48h to test for ISGylation response in an incubation time
dependent manner.

Legend continued on next page
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Conforming with previous results obtained from tests in cell lysate, BpJOS was able to
remove all detectable ubiquitination independent of IFN stimulation (Figure 17B, left
panel). Lbpro showed minor activity against the ubiquitination pattern with a moderate
reduction in HMW ubiquitination compared to the control lacking clippase treatment.
Treatment with Lbpro produced stronger bands detected with the anti-ubiquitin
antibody at around 17kDa and 25kDa compared to the control indicating the increased
generation of specific ubiquitin species. The observed heights of these two bands
correlated with the molecular weight of di-ubiquitin (~17kDa) and tri-ubiquitin (~25kDa).
These results could indicate Lbpro cleavage of longer ubiquitin chains (>3Ub) into
shorter chains (di-/tri-Ub) under the given experimental conditions leading to loss of
HMW ubiquitin signal and simultaneous generation of shorter chains (Figure 17B, left).

ISGylation levels generated by IFNB treatment remained unchanged in the BpJOS
treated sample compared to the control (Figure 17B, center panel). This result
established BpJOS’ inactivity against ISGylated proteins in cell lysates and conforms
with the prior result of the ABP assay with 1ISG157%1%4-PA (Figure 16C). BpJOS
therefore does not act on ISG15 even if the complete ISG15 moiety or
ISG15-conjugated proteins are present. Treatment with Lbpro resulted in a moderate
decrease in ISGylated substrates despite the comparably high concentration of
supplemented purified protein with 40uM (Figure 17B, center panel). Suspected
unspecific bands in the uninduced lysates detected with the anti-ISG15 antibody at
around 19kDa, 35kDa, 60kDa and 100kDa appeared in all samples and did not fade
under Lbpro treatment, indicating these are indeed unspecific non-ISG15 targets
(Figure 17B, center panel). Additional bands in untreated lysates treated with BpJOS
or Lbpro are proposed to derive from protein purification impurities.

Both BpJOS and Lbpro generated detectable levels of GlyGly-signals, despite
production of GlyGly-marked substrates by Lbpro occurred to a lesser extent
compared to BpJOS (Figure 17B, right panel).

Legend continued from previous page

Figure 17: BpJOS is inert against ISG15 in cell lysate. B) BpJOS and Lbpro activity test in
lysates of stimulated HEK blue cells. HEK blue cells lysates stimulated for 48h or left untreated
were treated with 10uM BpJOS'%2'8 or 40uM Lbpro?®'% purified protein. Samples were tested
for reduction in ubiquitin levels (A, left), ISGylation levels (A, center) and generation of GlyGly-
sites (A, right) by use of the corresponding antibodies. C) BpJOS and Lbpro* activity test in
lysates of stimulated HEK blue cells. Equivalent to B) but testing 10uM BpJOS'>2'® against
100uM of the Lbpro variant Lbpro* (STAR, L102W2*"%%) harboring heightened activity against
ubiquitin. ISGylation and ubiquitination levels (C, right) and the production of GlyGly-sites (C,
left) were monitored with the corresponding antibodies. D) Activity test of BpJOS and Lbpro
against neddylation in IFNB-treated and untreated HEK blue cell lysate. Lysates of stimulated
HEK blue cells (24h) or of unstimulated cells were treated with 10uM BpJOS'22'8, 10uM
NEDP1 or 40uM Lbpro?*'®® purified protein. Reductions in Ubl levels were monitored with a-
ubiquitin, a-Nedd8 and a-1SG15 antibodies. K-e-GG, Diglycyl-epsilon-aminogroup-lysine.
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GlyGly-signals produced by Lbpro reflected the culminated clipped substrate subjected
to ubiquitination and ISGylation in IFNB-treated cell lysate (Figure 17B, right and center
panel). This instance demonstrated the lower activity of Lbpro compared to BpJOS,
which solely clipped ubiquitinated substrates. This observation was supported by the
differences in used enzyme concentration as 4-fold the amount of Lbpro was employed
compared to BpJOS (40uM vs 10uM) emphasizing BpJOS efficiency in cleaving
ubiquitination and its simultaneous modifier selectivity.

The Lbpro variant Lbpro* was engineered to display higher activity against ubiquitin
compared to the wildtype by introducing a single point mutant L102W (Swatek et al.,
2019). To test Lbpro* activity against ubiquitin and 1ISG15, HEK blue lysates of IFN[3-
induced and uninduced cells were treated with 100uM Lbpro* or 10uM BpJOS for
comparison (Figure 17C). Lbpro* treatment resulted in complete collapse of all
ubiquitination independent of ISG15 presence (Figure 17C, left panel). ISGylation was
moderately reduced by Lbpro* with residual ISGylated substrates visible across all
molecular weights. BpJOS did not alter ISGylation levels in agreement with prior
results. The detected pattern of GlyGly-marked substrates by Lbpro* appeared similar
to those generated by BpJOS in IFN-induced cell lysate (Figure 17C, right). Lower
GlyGly-remnant amounts were observed for the untreated cells compared to lysates
from induced cells due to the absence of ISGylated targets (Figure 17C, right). These
observations presented Lbpro* as more active against ubiquitination than 1ISGylation
and demonstrated its lack of modifier specificity in contrast to the ubiquitin-targeting
and ISG15-inert BpJOS clippase.

Beyond activity against ubiquitin, BpJOS was shown to react with the Nedd8'-"3-PA
activity-based probe (Figure 16C). To test, whether BpJOS displays activity against
Nedd8 in lysate, HEK blue cell lysates were used. Interferon-treated or untreated cell
lysate was incubated with BpJOS or Lbpro (Figure 17D). Lbpro was reported to show
activity against Nedd8 at higher enzyme concentrations when tested in ABP assays
(Swatek et al., 2018). As a control, lysates were in-parallel incubated with purified
protein of the deneddylase NEDP1 (Mendoza et al., 2003). Ubiquitination and ISG15
levels were detected with specific antibodies to demonstrate successful ISG induction
by IFNB treatment and clippase activity by BpJOS and Lbpro.

Neddylation in HEK blue cells, as detected by use of an anti-Nedd8 antibody, occurred
in low prevalence. Monomeric Nedd8 ran at around the 10kDa mark and three
additional bands at 30kDa, one strong band at 95kDa and a fainter band at around
120kDa were detected (Figure 17D). All three bands show a minor reduction in signal
upon NEDP1, BpJOS or Lbpro treatment compared to the untreated control. BpJOS
treatment displayed the highest decrease for the band at 95kDa. Monomeric Nedd8
levels show small fluctuations across samples. The reduction of Nedd8 signal in the
HMW bands did not correlate with increased mono Nedd8 signal (Figure 17D).

A band at around 50kDa, which is visible in the Lbpro-treated samples (marked with a
cross) was suggested to stem from cross reactions of the Nedd8-antibody with
remaining impurifications of the Lbpro protein purification as the signal solely is
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detectable in these samples. Despite the already low basal level of detectable
neddylation, BpJOS and Lbpro only showed minor activity against Nedd8 suggesting
the modifier may not be the preferred targets. Alternatively, deneddylation was
prevented by other factors. Lbpro was reported to have a strong preference for ISG15
over ubiquitin and Nedd8 in biochemical assays (Swatek et al., 2018).

Collectively, these characterizations in HEK blue cell lysates of IFNB-stimulated and
unstimulated cells disclose Lbpro and Lbpro* activity against ubiquitin, ISG15 and
moderate activity against Nedd8. The tests emphasized BpJOS high activity against
ubiquitin even in presence of other modifiers and its complete inactivity against ISG15
and conjugated targets.
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3.2 The Clippomics method

Of all tested and characterized clippase candidates, BpJOS was the most interesting,
verified ubiquitin C-terminal clippase (UCC) to follow up on. In previous biochemical
tests, BpJOS was identified as a highly active clippase, capable of completely cleaving
mono ubiquitin and ubiquitin chains from substrates. By this, former ubiquitinated
substrates were left decorated with GlyGly-remnants. This instance rendered BpJOS
a useful tool in the identification of these substrates. The novel cleavage mode
presented an opportunity to exploit BpJOS activity for the systematic investigation of
former ubiquitin substrates. Efforts were directed towards establishing an innovative
mass spectrometry-based protocol for comprehensive studies on the ubiquitome and
other Ublomes. The following chapters detail the various steps of the conceptualization
and development of the novel BpJOS-based proteomics method, termed Clippomics.
The method was subsequently refined for the disentanglement of ISG15 and ubiquitin
substrates as well as targeting shifts in the ubiquitome upon interferon treatment in
cells providing two examples of useful applications for this method.

3.2.1 Conceptualization and development of the Clippomics method

The discrimination of ubiquitin and ubiquitin-like modifications on substrates provides
a challenge for mass-spectrometry (MS) studies of ISG15, Nedd8 and ubiquitin due to
their identical C-termini (Figure 18A). Most conventional MS-based protocols rely on
the serine peptidase Trypsin for peptide generation, which cleaves on the C-terminal
side of arginine (R) and lysine (K) residues. Modifications residing on lysine residues
are spared by Trypsin, leading to the occupancy of small remnants at that site. In case
of modifications by ISG15, Nedd8 and ubiquitin, Trypsin digestion produces the same
GlyGly-remnant at the modification site based on their shared -LRGG C-terminal
peptide sequence (Figure 18B). Ubiquitinated, ISGylated and NEDDylated sites are
then equally marked with the GlyGly-remnant. Studies interested in assessing
ubiquitination often conduct a GlyGly-enrichment of these modified sites with disregard
of the Ubl conflation and assign them to ubiquitin.

To provide a solution for this Ubl entanglement, an updated MS-based protocol was
conceptualized. The basis for the novel protocol is the modifier-selectivity exhibited by
BpJOS: pre-treatment of the Ublome with BpJOS selects for formerly ubiquitinated and
neddylated sites by production of GlyGly-remnants. [SGylated sites remain
unprocessed by this treatment, thereby selecting against them. Intact proteins are then
digested with a protease different from Trypsin to circumvent conflation of BpJOS- and
Trypsin-generated GlyGly-remnants. Clippase-produced GlyGly-remnants are then
specifically enriched and analyzed by MS (Figure 19).
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Figure 18: Comparison of ubiquitin, Nedd8 and ISG15 C-terminus sequences. A)
Sequence comparison of ubiquitin, Nedd8 and 1SG15 for their C-terminal peptides. Given are
the last seven amino acids with their respective starting position (Ubiquitin/Nedd8 V70, ISG15
N151). All three modifiers share their four last amino acids highlighted in the red box. B)
Schematic representation of possible modifications on a substrate lysine residue (K). The four
shared amino acids in ubiquitin, Nedd8 and ISG15 C-terminus are depicted with the canonical
trypsin cleavage site. Trypsin cleaves the sequence between the Arg (R) and the Gly (G)
residue, which is depicted by the lightning symbol in red. The generation of the GlyGly-remnant
leads to the loss of information which modifier was initially present.

Substrate

For the investigation of suitable Trypsin alternatives, three enzymes were selected and
tested in a preliminary Clippomics test. The criteria for the selected enzymes included
the efficient generation of MS suitable peptides without interfering with or coinciding
with the clippase cleavage site within the modifiers C-terminus. The criteria were met
by the three commercially available digestion enzymes LysC, Chymotrypsin and
Lysarginase. LysC cleaves peptides C-terminally of Lys residues (K), but in comparison
to Trypsin not after Arg (R) residues. Chymotrypsin cleaves peptide bonds C-terminally
of aromatic residues (Phe, Tyr, Trp) and large hydrophobic residues (Leu, Met). Lastly,
Lysarginase mirrors the Trypsin cleavage sites by cleaving N-terminally, but not
C-terminally of Lys and Arg residues. The enzymes cleavage patterns are depicted in
Figure 19A.

The initial phase of establishing the Clippomics protocol and testing the fragmentation
enzymes were conducted during the master thesis (Kolek, 2021) and are included here
for the sake of completeness, as the experimental conditions were further refined and
optimized during this study.

The Clippomics method comprises the following general steps: lysis of cells, clipping
with BpJOS, digestion with an enzyme in preparation for MS, the enrichment of
GlyGly-sites and their measurement by LC-MS/MS (see method chapters 2.3.5t0 2.3.9
for details). For the initial digestion enzyme test, untreated HEK blue cells were lyzed
and the lysates were treated with BpJOS for production of GlyGly-sites. Samples were
then digested with either LysC, Chymotrypsin or Lysarginase. GlyGly-sites were
enriched using the PTMScan Ubiquitin Remnant Motif-kit (Cell Signaling
Technologies), which employs antibody-coated beads directed against
GlyGly(K)-sites. The raw data from LC-MS/MS measurement were analyzed using
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MaxQuant. The total number of GlyGly-sites and identified protein within each obtained
data set was compared and assessed for the largest quantity.

Digestion with Lysarginase generated the most identified proteins and detected
GlyGly-modified sites with 874 and 1857, respectively (Figure 19B,C). The data set
comprised 506 proteins and 1507 sites exclusively found with Lysarginase and not
detected with LysC and Chymotrypsin. The lowest amount of data was generated by
LysC digestion: only 404 proteins were identified, none of which were exclusive to LysC
digest as all proteins were also found with Chymotrypsin. Chymotrypsin digested
samples detected 111 proteins and 391 sites exclusive to this data set compared to
436 exclusive sites to LysC. The summary of detected GlyGly-sites and identified
proteins by LysC, Chymotrypsin and Lysarginase is given in Table 23.

A) B) Q

Identified proteins

Identified GlyGly-sites
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LysC Lysarginase  LysC Lysarginase
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Chymotrypsin
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¥

Trypsin HXAXKIRXX

m 391

Chymotrypsin Chymotrypsin

Figure 19: Comparison of enzyme cleavage sites and obtained number in sites and
identified proteins in a preliminary Clippomics test. A) The cleavage sites of digestion
enzymes LysC, Chymotrypsin and Lysarginase in comparison to the cleavage sites employed
by Trypsin. The corresponding specific cleavage positions are marked with differently colored
lightning bolts. Given is an arbitrary peptide sequence represented by the grey X symbols. B)
Venn diagram of the total number of identified proteins in a preliminary Clippomics test using
LysC, Chymotrypsin or Trypsin as digestive enzymes used for peptide generation in preparation
for measurement by LC-MS/MS. C) Venn diagram of identified enriched GlyGly-carrying
peptides digested with LysC, Chymotrypsin or Lysarginase using the Clippomics method.

Table 23: Total number of identified proteins and GlyGly-sites given for the three tested
digestion enzymes.

Total No. identified Total No. identified
Digestion enzyme proteins GlyGly-sites
LysC 404 723
Chymotrypsin 609 614
Lysarginase 874 1857
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Overall, treatment with Lysarginase for MS samples preparation generated the most
comprehensive data set with the highest number of identified proteins and
GlyGly-sites. Applied to the Clippomics method, in complex samples with ubiquitinated,
neddylated and ISGylated proteins only ubiquitin and Nedd8 are targeted by BpJOS
treatment. For ISGylated sites, which remain intact upon BpJOS treatement,
Lysarginase digestion generates a -RGG remnant at the modified site (see Figure
19A). It is rationalized that these remnants are not enriched by the employed
GlyGly-enrichment method, thereby ISG15 sites are negatively selected for (Figure
20).

Based on these results, Lysarginase was the enzyme of choice for peptide generation
in the Clippomics method. The overview of the steps for the Clippomics approach and
the direct comparison with conventional protocols is depicted in Figure 20.
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Figure 20: Comparison of conventional protocols for studying the Ublome and the
Clippomics method. A) The conventional approach. Complex sample mixtures, in which
ubiquitinated, neddylated and ISGylated proteins are present are digested with Trypsin.
Generated GlyGly-sites are enriched by an GlyGly-IP leading to a conflation of sites modified
by ubiquitin (grey), Nedd8 (orange) and ISG15 (blue). The obtained MS data set does not allow
for modification distinguishment. B) The Clippomics approach. Complex sample mixtures as
in A) are treated with BpJOS. Ubiquitinated (grey) and neddylated (orange) sites are clipped
with BpJOS leading to GlyGly-remnant generation. ISGylated (blue) sites are not targeted by
BpJOS. Proteins are digested with Lysarginase and GlyGly-sites are enriched by an GlyGly-IP
allowing for the distinguishment of ubiquitin/ Nedd8 sites from 1ISG15 sites.
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3.2.2 First proof-of-concept Clippomics test

BpJOS showed rather modifier-selectivity than -specificity in biochemical assays in
vitro by targeting ubiquitin and to a lower extent Nedd8 (Figure 16C, Figure 17D). To
demonstrate its suitability for the modifier disentanglement by the Clippomics method,
a first test focusing on substrate profiling was conducted. The aim was to demonstrate
that BpJOS is completely inactive against ISG15 on a mass-spectrometry level, and to
assess the scope of its activity against Nedd8. Furthermore, the ISG15-targeting
clippase Lbpro was incorporated to evaluate its applicability for the Clippomics method
for targeting ISGylated substrates. Lbpro was shown to favor ISG15 over ubiquitin and
Nedd8 (Figure 17D, Swatek et al., 2018). The chosen approach for the evaluation of
BpJOS and Lbpro specificity comprised the depletion of one of multiple modifiers in
different samples.

HEK blue cells were left uninduced or treated with IFN( for ISG expression. Levels of
conjugated ubiquitin and Nedd8 in the selected samples were reduced by a two-fold
procedure. On the one hand, inhibitors for the respective activating enzyme in cell
culture were used to stall ubiquitination/neddylation events in the cell. To that end, the
ubiquitin E1 (Ube1)-inhibitor TAK243 and the Nedd8 E1 (NAE)-inhibitor MLN4924 were
employed (Brownell et al., 2010; Hyer et al., 2018). On the other hand, these samples
were treated with the corresponding purified deconjugating enzymes after cell lysis to
remove residual ubiquitination/neddylation not caught by the E1 treatment. To remove
ubiquitination, lysates were treated with SnUSP1, which was reported to act on all
ubiquitin chains in regular DUB manner while being inert against ISG15- and Nedd8-
activity probes (Boll et al., 2023). Residual neddylation was diminished by in-lysate
treatment with purified deneddylase NEDP1 (Mendoza et al., 2003). The overview of
used treatments for and against modifications and their respective consequences are
schematically depicted in Figure 21.

Cell culture Lysate Result of treatment

IFNB —

- @ -

Figure 21: Treatments used to modulate modifier presence. The treatments are given with
their corresponding stage of samples preparation (cell culture/lysate). Interferon-g (IFNB)
treatment induced expression of ISG15 and its conjugating enzymes in cells. Ubiquitination
was abolished by treatment with ubiquitin E1-inhibitor TAK243 and subsequent incubation of
cell lysate with purified SnUSP1. Neddylation was diminished by cell treatment with Nedd8
E1-inhibitor MLN4924 and lysate incubation with purified NEDP1.
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In total, nine different samples were prepared for GlyGly-enrichment with different
combinations of present modifiers. These samples were later either clipped with
BpJOS or Lbpro for GlyGly-remnant production and subjected to GlyGly-enrichment
followed by MS measurement. One sample was not treated with either clippase and
used as a control for GlyGly-bead enrichtment. The full summary of all samples is listed
in Table 24. Three samples were prepared in duplicates and were divided before
clippase treatments: samples 3+5, samples 4+6, samples 7+8 (Table 24). Based on
the previous characterizations, it was expected that BpJOS targets ubiquitin and
Nedd8, but not ISG15. Conversely, Lbpro was assumed to act on all three modifiers.

Table 24: List of samples prepared for the Clippomics test. Given are the induction (ISG15)
or depletion (ubiquitin/Nedd8) of modifiers within each sample, the used clippase
(BpJOS/Lbpro) and expected modifier GlyGly-sites.

ISG15- Ub- Nedd8-
# | induction | depletion depletion Pres_e_nt Clippase Exp_ected
(IFNB) | (TAK243+ | (MLN4924+ modifier sites
SnUSP1) NEDP1)
1 - - + Ub BpJOS Ub
2 = + - BpJOS
3 + + - ISG15/ BpJOS
4 + - + ISG15/ Ub BpJOS Ub
5 + + - 1ISG15/ Lbpro ISG15/
6 + - + ISG15/ Ub Lbpro ISG15/Ub
7 + + + ISG15 BpJOS -
8 + + + ISG15 Lbpro ISG15
9 + - - all - -

Prior to GlyGly-enrichment and MS analysis, successful preparation of samples and
modifier modulation was tested after each treatment step by western blotting.
Occupancy of ISGylation, ubiquitination and neddylation were monitored using the
corresponding specific antibodies for samples taken after cell lysis, after additional
de-modification by SnUSP1/NEDP1 treatment and after clippase treatment with
BpJOS and Lbpro (Figure 22).

Lysate samples taken after lysis and before treatment with purified proteins
(‘'untreated’) showed presence of monomeric ISG15 and a strong ISGylation pattern
after in cellulo IFNf treatment (samples 3-8, lanes 3-6, Figure 22). For HEK blue cells
left untreated by IFNB no ISGylation was detected with the exception of two faint bands

62



Results

SnUSP1/NEDP1 Clippase
Untreated treatment treatment
12 3 4567 8 91011121314 151617 18 19 20 21 lane
BpJOS SO - - Sl -
Lbpro o oo EEEEE o

NEDP1 + - -+ 4+ -4+ - - + - + o -
SnUSP1 -+ + - + - 4+ - + -
TAK243 - + = aF ap + -~ S £ SR -
MLN4924 + - - + -+ - - -+ + -
IFNB Sene + - + + o+

T |+t

l ISGylated proteins

SRR e (€SG5

ubiquitinated proteins

55 ] - —— e - ———— (- ————————— | T bl

1
|
95— - ;) s —1 neddylated proteins
: | :
|

|
72
|

55 W—-—— Tubulin

*unspecific bands

Figure 22: Western blot analysis of samples used for the proof-of-concept Clippomics
test. Samples were taken after each step of the protocol and assessed for modifier presence.
Legend continued on next page
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at around 55kDa and 130kDa, which were observed in previous western blots as well
(Figure 17D). It is assumed that these bands represent unspecific cross-reactions by
the used ISG15-antibody (lanes 1-2). Lysates of TAK243-treated cells displayed a
major decrease in ubiquitination smear compared to untreated samples (lanes 2,3,5)
with no detectable ubiquitination remaining after additional treatment with SnUSP1
(lanes 8,9,11, Figure 22). Monomeric ubiquitin could not be detected with used
commercial gels and employed western blotting conditions. Treatment with TAK243 did
not interfere with ISGylation levels as treated sample displayed a similar ISGylation
pattern as untreated samples (lanes 3,5 vs. lane 6).

Inhibition of the Nedd8-E1 enzyme by MLN4924 resulted in diminished neddylation of
suspected Cullins at around 95kDa (lanes 1,4,5). Apart from suggested Cullins, no
neddylation targets or monomeric Nedd8 could be detected across all samples.
Consequently, MLN4924-treated samples showed no further reduction in neddylation
upon NEDP1 treatment (lanes 7,10,11). NEDP1 was reported as being able to
deneddylate selected Cullins besides non-Cullin neddylated substrates (Chan et al.,
2008; Mendoza et al., 2003). However, the principle deneddylase of Cullins is the
COP9 signalosome protein complex (Pick et al., 2012), which was not used for
treatment in this study.

Treatment with purified BpJOS in the corresponding samples caused complete
collapse of ubiquitination (lanes 13-16, 19) with a minor reduction in neddylation in lane
14, in which neddylation had not been prevented by MLN4924 and NEDP1 incubation.
ISGylation patterns remained unchanged upon BpJOS treatment (lanes 15,16,19).
Lbpro efficiently removed ISGylation and neddylation while showing moderate activity
against the ubiquitination smear (lanes 17,18,20). Clippase activity exhibited by BpJOS
and Lbpro was implied by the decrease of observed modifications but was additionally
demonstrated by use of the K-e-GG-antibody (Appendix Figure 30). The western blot
analysis matched the expectations for modification abundances and absences.
Therefore, samples were further processed by Lysarginase digestion. Used criteria for
efficient digestion was the number of missed cleavages (MC) by Lysarginase as
reported by MaxQuant: 4% of identified peptides harbored 2 MC sites, 26% had 1 MC
and 70% had no MC. As efficient protein digestion was ascertained, samples were
subjected to GlyGly-IP and MS measurement.

Legend continued from previous page

Figure 22: Western blot analysis of samples used for the proof-of-concept Clippomics
test. Samples were taken after each step of the protocol and assessed for modifier presence
monitored with a-ISG15, a-ubiquitin and a-Nedd8 antibodies. Tubulin was detected as loading
control. Unspecific bands detected by the ISG15 antibody are marked with a star (*). Sample
treatments are indicated with a plus (+) symbol above the figure. Treatment with ubiquitin
E1-inhibitor TAK243, Nedd8 E1-inhibitor MLN4924 and interferon (IFNB) was conducted in
cellulo. Samples taken after cell lysis are highlighted in the yellow box. E1-inhibitor treatment
for ubiquitin and neddylation reduction was complemented with ShUSP1 and NEDP1 treatment
(each 10uM, 1h) and is highlighted by the blue box. Duplicate samples (lanes 9, 10, 11) were
divided for BpJOS or Lbpro treatment (9> 15/17, 10> 16/18, 11>19/20). BpJOS'%2'8 (10uM)
and Lbpro?*'%® (40uM) purified proteins were incubated for 2.5h on ice. BpJOS-treated lanes
are given in green; samples treated with Lbpro are given in purple. Samples tested in lanes
13-21 were subsequently subjected to GlyGly-enrichment and MS analysis.
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The number of enriched GlyGly-sites per sample along with the respective lane in
Figure 22 is listed in Table 25.

Analysis of the mass spectrometry data with MaxQuant revealed a total of 627
GlyGly-modified sites obtained from the table ‘GlyGly(K) peptides’ and 392 modified
proteins across all samples. Another 442 identified proteins were listed as unmodified
according to the ‘proteinGroups’ table. The highest number of sites was detected in
BpJOS-clipped lysate in which ISGylation and ubiquitination was present with 411 sites
(sample 4, Table 25) followed by the lysate of cells lacking 1ISG15 with 292 sites
(sample 1). For Lbpro, most sites were identified in samples containing both ubiquitin
and ISG15 (151 sites, sample 6), followed by the ISG15-only sample (100 sites,
sample 8) and the ISG15 and Nedd8 containing sample (77 sites, sample 5).
Nedd8-only and ISG15-only comprising data sets clipped with BpJOS revealed solely
10 and 7 identified GlyGly-sites, respectively (samples 2, 8). The unclipped negative
control yielded 7 GlyGly-sites (sample 9).

Table 25: Clippomics test samples with detected GlyGly-sites in MS. Given are the
respective lanes in the western blot in figure 12. The table is complementary to table 25
expanded by the number of identified GlyGly-sites in MS. Untr.,untreated; treatm., treatment,
clipp., clippase.

Lanes in figure 12
# Hysate ?SESEJ Clipp. Present Clippase | Expected sites l\:jl:aTet():?;cci) f
(untr.) ireatm. | treatm: modifier GlyGly-sites
1 1 7 13 Ub BpJOS Ub 292
2 2 8 14 BpJOS 10
3 3 9 15 ISG15/ BpJOS
4 4 10 16 ISG15/ Ub BpJOS Ub
5 3 9 17 ISG15/ Lbpro 1ISG15/
6 4 10 18 ISG15/ Ub Lbpro ISG15/Ub
7 5 11 19 ISG15 BpJOS -
8 5 11 20 ISG15 Lbpro ISG15
9 6 12 21 all ] ;

Of the 627 GlyGly-sites across all samples, around 70% of sites were identified in two
or more data sets. In order to systematically compare detected GlyGly-sites by clipping
with BpJOS and Lbpro, the data was further processed using the Perseus software.
The causative Ubl of identified GlyGly-modifications was reviewed against the verified
clippase specificities. For that, two selected data sets were compared to each other by
scatter plot analysis (Figure 23). Samples treated with TAK243 and SnUSP1 were
proposed to harbor only neddylation in IFNB-untreated cells and neddylation together
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Figure 23: Comparison of modifier GlyGly-sites by BpJOS and Lbpro. Scatter plot
analysis of log2 transformed intensities for identified GlyGly-sites using Perseus. Detailed
descriptions of applied samples with the respective treatments and expected modifier origin as
consequence are given below the panels. Exclusive sites to one data set are marked in
different colors: green (sample 2), blue (sample 3), yellow (sample 8), orange (B) /light green
(C; sample 4) and purple (sample 1). Matching sites found in both data sets are highlighted in
red. Referenced sample numbers are equal to sample numbers listed in tables 25 and 26.
IFNB-treatment resulted in ISG15 expression TAK243 treatments was conducted in
combination with SnUSP1 incubation to diminish ubiquitination. MLN4924 treatment was
conducted in combination with NEDP1 incubation to remove neddylation from samples. A)
Analysis of identified proposed Nedd8 sites by BpJOS in lysates of IFNB-treated and untreated
cells (sample 3 vs 2). B) Ubiquitin sites identified by BpJOS in IFNB-treated and untreated cells
(samples 1 vs 4). C) Identified ubiquitin sites by BpJOS and ISG15 sites by Lbpro in lysates of
IFNB-treated cells (samples 4 vs 8). D) Identified ubiquitin sites by BpJOS in untreated cells
and ISG15 sites by Lbpro in lysates of IFNB-treated cells (samples 1 vs 8).
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with ISG15 in IFNB-induced cells (samples 3 and 2). Clipping with BpJOS resulted in
6 exclusive sites to the untreated samples, while the IFNB-treated sample gathered 12
exclusive sites (Figure 23A).

Both data sets shared 4 reported sites all assigned to position K9/11 in multiple
isoforms of the 14-3-3 protein (YWHAB, YWHAQ, YWHAZ) listed individually. The
14-3-3 protein is an adaptor protein involved in various processes such as apoptotic
cell death and cell cycle control (Fu et al., 2000). Besides these samples, the reported
position was also found in samples 1 and 6, which both contain ubiquitin but
presumably no neddylation based on used treatments (Table 24,Table 25). It is
speculated that the K9/11 position in 14-3-3 was rather ubiquitinated than neddylated
due to is presence in multiple data sets. This result indicated that neddylation might
not be highly prevalent in the cells used, which is in accordance with few observed
bands in western blotting and Nedd8-antibody detection in previous experiments
(Figure 17D). Therefore, limited information about BpJOS activity against Nedd8 could
be concluded. As the following studies focused on ubiquitin and I1ISG15 sites, the
relevance of Nedd8 sites and potential targeting by BpJOS was subordinated.

The investigation of ubiquitin sites under IFNB-treatment revealed 199 shared sites
between the uninduced and IFNB-induced data sets (Figure 23B). Among the reported
data, a plethora of sites derived from putative ubiquitination targets and members of
the ubiquitin machinery including several DUBs, E3 ligases and E2 enzymes. Top hit
with highest measured intensities were GlyGly-decorated K48 residues in ubiquitin
proposed to stem from K48-linked polyubiquitin chains. Second highest shared
intensities were identified for positions K4 and K8 in ribosomal protein RPS20, which
were validated as ubiquitinated by additional literature (Garzia et al., 2017). The first
20 hits sorted by highest intensity are listed in Table 31(Appendix). The gathered data
indicated specific targeting of ubiquitin by BpJOS in the given samples.

The GlyGly-IP from untreated cell lysates gathered 50 exclusive sites compared to 164
exclusive sites in lysate of IFNB-treated cells (samples 1vs4, Table 25, Figure 23B).
This result suggested that interferon-treatment leads to a shift in the ubiquitome.

In order to examine BpJOS inactivity against ISG15, proposed ISG15 sites identified
by Lbpro (sample 8; IFNB, TAK243, MLN4924 treatments) and proposed ubiquitin sites
identified by BpJOS (sample 4; IFNB, MLN4924 treatments) were compared (Figure
23C). Sample 8 contained 61 exclusive GlyGly-sites proposed to derive from
ISGylation and sample 4 contained 331 exclusive suggested ubiquitination sites.
Between both data sets, 32 GlyGly-sites in 28 proteins were shared.

When the assumed ISG15 sites from sample 8 were compared to the ubiquitin-derived
sites found in sample 1 (IFNB-untreated, MLN4924), 33 shared sites were observed
(Figure 23D). As sample 1 lacked IFNB-treatment, no ISGylation was present.
Therefore, a direct comparison of ubiquitin- and 1SG15-derived sites under
interferon-treatment is shown in Figure 23D. It is likely that the 33 shared sites are due
to residual ubiquitination caused by incomplete inhibition. However, it cannot be
formally excluded that the same sites can be detected in both ubiquitinated and
ISGylated form.
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Comparison of the 32 (sample 8 vs 4) and 33 (sample 8 vs 1) shared sites among the
samples revealed that 24 sites with additional duplicate hits were identical in modified
position and reported protein. Among those sites were K48 in ubiquitin, K4 and K8 in
RPS20 and multiple sites in several histones, which are proposed to be highly
abundant ubiquitin-derived GlyGly-sites. Additionally, the ubiquitin and RPS20
modifications amongst others were observed in the ubiquitin-derived modification data
as well (samples 1vs4, Figure 23B). The comprehensive list of all 24 identical sites is
provided in Table 32 (Appendix). It is concluded that observed matching sites in the
ISG15 and ubiquitin sets (Figure 23C, D) can most likely be assigned to ubiquitin,
which was not sufficiently removed by TAK243 and SnUSP1 treatment.

The GlyGly-sites identified as 1SG15-derived (sample 8) by clipping with Lbpro
included 100 sites across 75 proteins, of which 23 proteins have been previously
shown to be ISGylated (Thery et al., 2021; Yifeng Zhang et al., 2019). Among those
reported 1ISG15 targets are the pyruvate kinase PKM, the chaperone HSPA8 and the
enolase ENO1.

Taken together, these results show that BpJOS is well suited to specifically detect
ubiquitination sites, even in the presence of ISGylation. Lbpro, on the other hand,
detects ISGylated sites with some cross-reactivity towards ubiquitin-derived sites. The
proof-of-concept test using E1 inhibitors and additional SnUSP1/NEDP1 treatment
served as a methodological basis to validate the clippase specificities and will not be
employed in ensuing studies. Hence, a combination of BpJOS and Lbpro can be used
to detect both modification types in parallel, as will be demonstrated in the following
experiment.

3.2.3 Identification of ISG15 targets by the clippomics approach

The Clippomics method was used to comprehensively determine the ISGylome in
IFNB-treated HEK blue cells. As BpJOS and Lbpro were established as suitable tools,
both clippases were employed to identify ISG15 targets. The experimental design was
based on the clippase specificities: BpJOS targets ubiquitin and to a lesser extent
Nedd8, while Lbpro targets ISG15, ubiquitin and to a lesser extent Nedd8. The testing
methodology included two conditions, in which half of the samples were treated with
BpJOS while the other half was clipped with Lbpro. The rationale is based on the
exclusion of ISG15 sites by BpJOS: following the Clippomics protocol and later
comparison of obtained data sets, sites identified by Lbpro but not BpJOS were
proposed to be ISGylated (Figure 24). Hence, the protocol is based on a negative
selection of ISG15 sites by BpJOS.

To increase robustness of the acquired data sets, three technical triplicates were
prepared in parallel. Six plates of HEK blue cells were induced with IFNf, lyzed and
treated with the respective clippase. Induction of ISGylation as well as clippase activity
was monitored by western blotting preceding the GlyGly-IP (Figure 25A). Ubiquitination
levels were equal in all tested lysates. Stable ISGylation was observed for all
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IFNB-induced samples (samples 1-6) in comparison to the untreated control (sample
C), which was only used as a ISG15-antibody control in western blotting (Figure 25A).
BpJOS treatment removed all ubiquitination but was inactive against ISGylation.
Treatment with Lbpro collapsed the majority of ISGylation with few faint bands
remaining in the higher MW range (Figure 25A).

Lbpro
%
%
'V%& G’: Data sets
Y P GlyGly-IP
G,
@/
BpJOS
%
%
e, /
004 oo
A 4 GlyGly-IP
GG,
®--/

Figure 24: Research design for the investigation of ISG15 sites. Schematic representation
of the conceptual design to discern ubiquitin/Nedd8 sites from ISG15-derived sites. The
comparison of Lbpro-generated GlyGly-sites and BpJOS generated GlyGly-sites allows for the
identification of 1ISG15-derived modification. Sites obtained with Lbpro, but not BpJOS are
assigned to ISG15.

Lbpro partially removed the ubiquitination pattern as a reduction across all molecular
weights was observed compared to the pre-treatment lysate samples (Samples 4-6,
Figure 25A). BpJOS treatment generated detectable levels of GlyGly-remnants on
substrates in western blotting (Figure 25B). Lbpro-generated GlyGly-signals were
visibly weaker compared to those generated by BpJOS in accordance with the lower
amount of clipped ubiquitination and remaining of residual ISGylation.

Prior to GlyGly-enrichment, a small amount (20ug) of clippase-treated and
Lysarginase-digested proteomic samples were analyzed by LC-MS/MS to examine the
digestion efficiency. In total, 2057 proteins were found across all samples. Despite the
lack of GlyGly-enrichment at this step, 76 GlyGly-modfied peptides were detected.
According to the table ‘modificationSpecificPeptides’ generated by MaxQuant, of all
~12.000 detected modified and unmodified peptides, 70% showed no missed
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cleavage. This result demonstrated that the majority of detected peptides were
adequately processed by Lysarginase. Only 30% of peptides harbored one or two
missed cleavages. After the efficient digestion by Lysarginase was determined, the
samples were further processed by the Clippomics method and subjected to
GlyGly-enrichment. The analysis of LC-MS/MS measurement after the enrichment
revealed a total of 1067 GG-marked peptides across the six samples. Overall, peptides

of 1105 proteins were listed by the table ‘proteingroups’ of MaxQuant.
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Figure 25: Western blot analysis of samples used for ISG15 substrate profiling. Six
individual HEK blue cell plates were induced by treatment with 1000U/ml human IFN for 24h
and lysates were monitored for presence of A) ubiquitination, ISGyaltion and B) GlyGly-
production by use of the corresponding specific antibodies. One control sample (C) of
uninduced HEK blue cells were incorporated as a control for the ISG15-antibody. Samples
were tested after lysis (left of separation line) and after in-lysate treatments with purified
BpJOS'?2"8 (10uM) or Lbpro?®-'% (40uM) for 2h on ice (right of separation line). Unspecific
bands generated by the ISG15 antibody are marked with a star (*). IFNB, Interferon-3

Analyzed MS data were categorized into three levels of confidence for the assignment
to being ISG15-derived. The sites within these levels were characterized by being all
simultaneously not found by BpJOS and found in one, two or all three data sets
produced by clipping with Lbpro (Table 26).
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Table 26: Categories of confidence levels for GlyGly-sites derived from ISG15. The
confidence level was based on peptides being detected by clipping with Lbpro but not BpJOS.
The levels were defined by GlyGly-carrying peptides being identified in all three technical
replicates (high), in two (medium) or one replicate (low) processed with Lbpro.

Confidence level Number of GlyGly-peptides
High (3 samples) 19
Medium (2 samples) 41
Low (1 sample) 73

In total, 133 GlyGly(K)-modified peptides were found in the data set produced by Lbpro
but were absent in the data gathered with BpJOS. It was proposed that GlyGly-carrying
peptides assigned to the high confidence level (19 sites) were bona fide targets of
ISGylation with declining certainty for the medium and low confidence categories. A
high number of GlyGly-sites have been identified in both data sets generated with
BpJOS and Lbpro, respectively. A big subset of these GlyGly-sites were identified with
high intensities but can most likely be attributed to be ubiquitin-derived.

Here, the modification sites in the high confidence level were focused on. The
comprehensive list of all sites within the ‘high confidence’ category is attached in the
Appendix (Table 33).

The obtained ISG15 sites and identified ISGylated proteins were compared to other
resources to examine their validity. A review by Thery et al. gathered all ISGylated sites
and corresponding proteins reported in three different studies (Thery et al., 2021).
These studies applied various approaches by using Isg757- mice (Yifeng Zhang et al.,
2019), Usp187 human-derived cells (Pinto-Fernandez et al., 2021) or porcine
macrophage cell lines (Zhu et al., 2021). For the verification of ISG15 sites identified
in the present study, the study by Pinto-Fernandez was focused on. Cell lines used in
the two studies differed but were both human-derived and therefore most suitable for
the comparison of data sets. An automated script was written for the computational
matching of reported ISG15 sites in this study with those from the Pinto-Fernandez
study (Ruslan Ibragimov, Institute for Genetics, University of Cologne). Of the 19 high
confidence 1SG15 sites identified in IFNB-induced HEK blue cells, 6 positions were
matching with the external source (Table 27). For another 8 ISGylated substrates, the
proteins have been reported to be ISGylated, but at different positions than identified
in the present study.
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Table 27: Matching ISG15 sites of the present study compared to external resource
(Pinto-Fernandez et al., 2021). Given are the ISG15 sites (lysine positions) in proteins
reported by both studies.

Protein name Gene name Lysine position
Bifunctional glutamate/proline--tRNA ligase EPRS1 435
Heat shock protein HSP 90-alpha HSP90AA1 84
ATP synthase subunit alpha, mitochondrial ATP5F1A 17
Cytosol aminopeptidase LAP3 48
Regulator of nonsense transcripts 1 UPF1 915
Protein PRRC2C PRRC2C 671

No information could be retrieved for 5 of the 19 high confidence level sites when
searching for reported ISGylation of the proteins using databases such as
PhosphoSitePlus or Uniprot and additional search engines for publications (Table 28).
To my knowledge these proteins have not been published yet as being ISG15 targets.

Table 28: Potential novel targets of ISGylation revealed by Clippomics. Listed are the
ISGylated proteins with the respective modified lysine position (given for isoforms), which have
not been reported yet.

Protein name Gene name Lysine position
Ubiquitin-associated protein 2-like UBAP2L 413;420
YTH domain-containing family protein 1/3 YTHDF1; YTHDF3 240;244
Sorting nexin-2 SNX2 131;248
Myomesin-2 MYOM2 11
Transcriptional regulator QRICH1 QRICH1 246

Overall, these results demonstrated that a subset of Clippomics-identified ISG15 sites
using Lbpro could be validated using external resources. Further, yet undescribed
ISG15 targets could be identified by using the Clippomics approach underlining its
feasibility for the identification of ISGylation sites.
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3.2.4 Interferon-dependent shifts in the ubiquitome identified by Clippomics

The proof-of-concept Clippomics test revealed the induction of 164 ubiquitin sites
detectable exclusively upon IFNB treatment (chapter 3.2.2. Figure 23B). This result
indicated a shift in the ubiquitome in induced cells. To investigate these changes in the
ubiquitome, the Clippomics method was tailored to profile ubiquitin sites in uninduced
and IFNB-induced HEK blue cells. The analysis was expanded to three technical
replicates for both conditions of which all were clipped by BpJOS.

As for all Clippomics experiments, lysates before and after clipping treatment were
analyzed by western blotting. Levels of ubiquitination and ISGylation were monitored
by the respective modifier-specific antibodies and production of GlyGly-remnants was
visualized by detection with the K-e-GG antibody (Figure 26A). Ubiquitination levels
were equal across all six samples (lysates 1-6) with complete removal under BpJOS
treatment for the uninduced lysates (lysates+BpJOS 1-3). Amounts of ubiquitination in
lysates of IFNB-treated cells showed a sharp decrease for samples 5 and 6 with
shadows of residual ubiquitination observed for sample 4 (lysate+BpJOS, Figure 26A,
upper panel). ISGylation abundance was identical independent of BpJOS treatment
(Figure 26A, middle panel). Generation of GlyGly-remnants showed some variety in
signal patterns and observed band width for GlyGly-decorated mono ubiquitin. These
observations implied a slightly lower amount of GlyGly-marked substrates in lysates if
the IFNB-treated compared to the control (Figure 26A, lowest panel).

Small amounts of BpJOS-treated lysate samples were subjected to MS analysis prior
to the GlyGly-enrichment. The analysis was conducted to test, whether the
IFNB-induction facilitated major changes in the proteome compared to the untreated
control. In total, 3200 proteins were identified across all samples. The measured mean
intensities of the two groups (untreated/ IFN-treated) amounted to 8.33x108 for the
untreated control group and 8.45x108 for IFNB-treated samples. This result indicated
that comparable protein amounts were present between both groups before the
GlyGly-enrichment. Vulcano plot analysis of the proteomic samples showed a similar
distribution of detected protein intensities between groups (Figure 26B). In the
IFNB-stimulated samples several proteins were upregulated compared to the control
(selected proteins are marked in blue in Figure 26B). All of the proteins over a 2xlog2
fold-change-threshold compared to the untreated control were reported as
IFN-stimulated genes according to the Interferome database (Hertzog et al., 2011). A
selection of the enriched interferon-stimulated proteins and their respective functions
are listed in Table 29. In comparison to the untreated control, the Ubl Nedd8 and the
small GTPase Rab10, which regulates intracellular membrane trafficking (Hutagalung
& Novick, 2011) were 3.5- and 4-fold downregulated in the IFNB-treated sample
(marked in red, Figure 26B).
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Figure 26: Investigation of IFNB-induced shifts in the ubiquitome by Clippomics. A)
Western blot analysis of samples used for Clippomics. Samples of uninduced and
IFNB-treated HEK blue cells were tested for modifier abundance (ubiquitin, ISG15) and
presence of GlyGly-remnants after lysis (Lysate) and after clipping with BpJOS
(Lysate+BpJOS) with the respective, specific antibodies. Tubulin was detected as loading
control. B) Vulcano plot of proteomic samples taken before the GlyGly-IP. BpJOS-treated
lysate samples as shown in A) were digested and analyzed by LC-MS/MS. The plot shows
the differential abundance between proteins detected in lysates of the untreated control and
IFNB-treated sample. As input the measured intensities of identified proteins reported in the
table ‘proteingroups’ by MaxQuant were used and analyzed with Perseus. The x-axis shows
the log2 fold change and the y-axis the -log10 p-value of detected proteins. Selected, enriched
proteins in the IFNB-treated samples are marked in blue. Selected, enriched proteins in the
untreated control are highlighted in red. C) Vulcano plot of GlyGly(K)-modified sites identified
after GlyGly-enrichment. BpJOS-treated lysates samples as shown in A) (Lysate+BpJOS)
were processed according to the Clippomics protocol and measured by LC-MS/MS. The plot
displays the differential abundance between GlyGly(K)-modified sites in lysates of the
untreated control and IFNB-treated sample. As input, the measured intensities of identified
GlyGly(K) sites reported in the ‘GlyGly(K)Sites’ table by MaxQuant were used and analyzed
with Perseus. Selected, enriched sites in the IFNB-treated samples are marked in blue.
Selected, enriched sites in the untreated control are highlighted in red. LC-MS/MS, liquid
chromatography—tandem mass spectrometry.
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Table 29: Selected IFN-stimulated genes (ISGs) identified upon IFN-treatment. Listed are
enriched, selected proteins, which were identified in the proteomic samples of
interferon-stimulated cells before the GlyGly-enrichment. The subset of identified
IFN-stimulated genes is given with their respective functions as reported by the Uniprot
database.

ISG Function
IFIT1 recognizes and sequesters viral RNAs
IFIT3 acts as an inhibitor of cellular and viral processes
IFITS RNA recognition in antiviral defense
ISG15 Ubl, innate immune response to viral infection
Herc5 Major E3 ligase for ISG15 conjugation
DTX3L E3 ubiquitin-protein ligase, IFN-mediated antiviral response
STAT1 Signal transducer and transcription activator, mediates
cellular responses to interferons

GlyGly-enrichment of the untreated triplicates harbored 1604 different GlyGly-modified
sites and the IFNB-treated data set reported 1154 GlyGly-sites. Of all sites, 1032
detected GlyGly-sites were matching between both groups. Vulcano plot analysis of
the enrichment demonstrated an overall lower amount of enriched GlyGly-sites in the
IFNB-treated samples compared to untreated control (Figure 26C). This observation
matched with the precedingly observed lower amount of GlyGly-carrying proteins
visualized by western blotting (Figure 26A, lower panel).

The 20 GlyGly-sites enriched under IFN-stimulation (log2 fold change >2) belong
mainly to putative Interferon-stimulated genes (ISGs) as 14 sites were identified in 13
proteins. A selection of these proteins is listed in Table 30 and is highlighted and labeled
in blue in Figure 26C. Six of the 20 GlyGly-sites were found in non-ISG proteins, in
specific Histone 2B, PSMA3 (proteasomal a3 subunit), Nedd8, DDI2 (ubiquitin shuttling
factor), BCORP1 (potential pseudogene) and NSFL1C (adaptor protein; functions were
retrieved from the Uniprot database). For the untreated control, 11 GlyGly-sites were
identified as upregulated (log2 fold change >2.5) compared to the IFN-treated samples
(marked in red in Figure 26C). Selected sites were identified proteins of the ISG and
E3 ligase OTUDS5, the E3 ligase RNF2 and ribosomal proteins RPS2 and RPL11
(marked and labeled in red in Figure 26C).
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Table 30: Selected top hits of GlyGly-modified proteins upregulated upon IFN-treatment.
Given are selected top hits of BpJOS-produced GlyGly-sites identified after
GlyGly-enrichment. Sites were selected based on highest measured intensities by MS and a
log2 fold change >2.5 compared to the untreated control. The modified lysine residue positions
are given for multiple isoforms divided by a semicolon for the respective protein. For DTX3L
two modification sites matched the given criteria and are listed with a plus sign.

Protein names Gene name Lysine position
Interferon-induced protein with IFIT1 376:407
tetratricopeptide repeats 1
Y-box-binding protein 3 YBX3 124;92;127
Nedd8 NEDDS8 54
E3 ubiquitin-protein ligase DTX3L DTX3L 209+456
40S ribosomal protein S21 RPS21 81

Overall, the Clippomics method using BpJOS for the identification of shifts in the
ubiquitome in dependence of [FNB-treatment elucidated several up- and
downregulated ubiquitinated sites within several proteins. This experiment
demonstrated the feasibility of the method to be applied to physiological relevant
specimens.
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3.3 Ubi clipping with BpJOS

Swatek et al. introduced a quantitative methodology to study polyubiquitin
architectures and the prevalence of branched chains by employing the Lbpro variant
Lbpro* (Swatek et al., 2019). The engineered Lbpro* clippase harbors a point mutation
(L102W) rendering its more active against ubiquitin compared to its parent enzyme
Lbpro (Swatek et al., 2018). The conceptual rationale is based on Lbpro* clipping of
enriched polyubiquitin chains, which collapses them to GlyGly-modified monoubiquitin
species (Swatek et al., 2019). These species can carry one or multiple
GlyGly-remnants in case of branched chains and their abundance can be analyzed by
intact mass MS analysis or robustly quantified by AQUA MS measurement.

Inspired by this method, we conceptualized a simplified method to study ubiquitin
modifications by exploiting BpJOS activity. BpJOS exceeds cleavage activity exhibited
by Lbpro* as less enzyme concentrations and shorter incubation times are needed for
total disassembly of ubiquitin chains (Hermanns et al., 2025, see Fig.S2D). In the
approach termed ‘Ubi clipping with BpJOS’ several applications were tested. By that,
the potential of BpJOS as a powerful tool for studying ubiquitin modifications was
assessed.

3.3.1 Semi-quantitative analysis of ubiquitin modifications by BpJOS

The investigation of ubiquitin site occupancy in ubiquitin chains presents a challenge
to current studies. For simple modifications like phosphorylation, the corresponding
modified and unmodified peptides can be detected by MS and a site occupancy can
be estimated from the modified/unmodified signal ratios. For ubiquitination, such an
approach would fail since modified lysine residues are not cleaved by Trypsin. As a
consequence, modified lysines generate much longer tryptic peptides that do not really
correspond to the peptides derived from unmodified lysines.

To address this challenge, a BpJOS-based methodology was proposed for studying
ubiquitin chain architecture. First, clipping with BpJOS converts ubiquitin chains into
single ubiquitin moieties with GlyGly-remnants at the modified site. Second, the
moieties are digested with an enzyme that omits lysine residues for cleavage. The
modified and unmodified generated peptides are suggested to differ only in the small
GlyGly-remnant between different moieties. GluC and Asp-N were tested as Trypsin
substitutions, which cleave C-terminally of Glu>>Asp (GIuC) and N-terminally of
Asp>>Glu (AspN), respectively (Drapeau, 1976; Ingrosso et al., 1989). The cleavage
sites employed by GluC and AspN on the amino sequence of mono ubiquitin and the
respective generated peptide are depicted in Figure 27A. In a first proof-of-concept
test, K48- and K63-linked di-ubiquitin chains were used as a model substrate (Figure
27B). Di-ubiquitin was clipped with BpJOS and subjected to digestion with GluC or
Asp-N prior to LC-MS/MS analysis. It was assessed, if formerly modified and BpJOS-
clipped peptides behave similarly to the unmodified form in terms of measured MS/MS
intensities.
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Figure 27: Testing GIuC and AspN for a semi-quantitative analysis of ubiquitin
occupancy in chains. A) Sequence of mono-ubiquitin with highlighted ubiquitin modification
sites at Met1 (blue) and Lys residues (red). The arrows indicate cleavage sites of GIuC (yellow)
and Asp-N (green). The tables below contain the relevant peptides carrying the respective
modification sites. B) Schematic representation of used substrate (K48/K63-linked di-ubiquitin)
and products generated after clipping with BpJOS. The BpJOS cleavage sites are indicated
with a red lightning bolt. C-E) K48- and K63-linked purified di-ubiquitin was clipped with BpJOS
(1h, 4°C), digested with GIluC (16h, 37°C) and analyzed by MS/MS. The obtained intensities
of the unmodified peptide (blue) are compared to the GG-modified counterpart (orange) at
position C) K48, D) K63 or E) K27/K29/K33/K48 detected in purified 2K48 and 2K63 purified
di-ubiquitin. The peptide in D) contains one missed cleavage site indicated by the yellow arrow.
F-G) As for C-E) 2K63 purified di-ubiquitin was digested with Asp-N (16h, 37°C) showing the
intensities of the unmodified and GG-modified peptides at position K63 for F) the expected
K63-carrying peptide and G) a K63 peptide with one missed cleavage (green arrow).
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It was tested whether an estimated 50:50 intensity ratio of the peptide carrying the
GlyGly-motif and its unmodified version originating from the two ubiquitin moieties
would be observed. Peptides produced by GluC digestion showed intensity ratios close
to the expected 50% distribution with 52% unmodified to 48% GG-modified
K48-carrying peptide (GIPPDQQRLIFAGK(48)QLE; Figure 27C). Similar results were
obtained for the K63-peptide (DGRTLSDYNIQK(63)E) with 48% unmodified to 52%
modified peptide intensities (Figure 27D). Despite the high enzyme:substrate
concentration of 1:40, GluC peptides harbored up to three missed cleavages leading
to long peptides with up to 35 amino acids. Missed cleavage at E24 within ubiquitin
resulted in a combined K27/K29/K33- and K48-carrying peptide (Figure 27E).
Intensities  of  unmodified  and GlyGly-modified peptides  for  the
K27/K29/K33/K48-harboring fraction were low compared to the expected K48- peptide
(Figure 27C) but showed a good 48% to 52% ratio (Figure 27E). Multiple entries of
peptides with missed cleavage sites indicated a less-than-optimal digest but all share
their approximate 50:50 ratio.

Digestion with Asp-N resulted in greater deviation in unmodified and modified peptide
intensities, such as 65% to 35% for the K63-carrying peptide and 57% to 43% for the
peptide with one missing cleavage site (Figure 27F,G). In Comparison to GluC
digestion, an overall higher number of peptides with missed cleavages was detected.
This observation complicated the estimation of ubiquitin site occupancy even in simple
samples as the di-ubiquitin used. The low digestion efficiency employed by Asp-N
rendered it less suitable for the Ubi clipping with BpJOS approach.

The test using di-ubiquitin as a simple substrate demonstrated that digestion with GluC
was more suitable for the ‘Ubi clipping with BpJOS’ approach compared to Asp-N to
estimate ubiquitin modification occupancy. Minding the need for optimization of
digestion efficiency, next tests were conducted in more complex samples.

3.3.2 Testing Ubi clipping with BpJOS on in vitro NleL chains

Following the promising results of the first test on dissecting ubiquitin occupancy by
‘Ubi clipping with BpJOS’ of di-ubiquitin, the method was tested on longer ubiquitin
chains. The aim was to test a more complex ubiquitin chain composition in a
semi-quantitative manner. For that, the approach was tested on in vitro generated
chains of the bacterial E3 ligase NleL. The protein purification of used constructs and
the chain assembly assay was conducted by Dr. Vanessa Lachmayer, University of
Cologne.

NleL is a HECT-like E3 ligases encoded by Enterohemorrhagic Escherichia coli
(EHEC) and builds in equal parts K6 and K48-linked polyubiquitin chains (Franklin et
al., 2023; Sheng et al., 2017). By directed mutagenesis of the wild-type to the NleL
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E705A variant, the reported specificity was driven towards the generation of K6-linked
polyubiquitin chains (Franklin et al., 2023).

The NleL E705A in vitro chain assembly assay was conducted using pre-activated
mono ubiquitin-MesNa, which allows chain generation in a E1- and E2-less reaction
(Park et al., 2015). The assembled chains were subjected to western blot analysis to
demonstrate efficient chain generation (Figure 28A). Ubiquitin modifications were
clipped with BpJOS and digested with GluC. To enhance digestion efficiency of GluC,
the salt concentration in the sample was reduced as GluC suffers from chloride ion
sensitivity (see methods 2.2.6). Measurement by LC-MS/MS and subsequent analysis
with MaxQuant revealed the presence of three types of GlyGly-modified peptides
according to the table ‘modificationSpecificPeptides’ (Figure 28B). Highest intensities
were reported for the peptide carrying the GlyGly-modification at K6. In comparison,
intensities for GlyGly-modified peptides at K48 or K63 amounted to an order of
magnitude less.
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Figure 28: Ubi clipping with BpJOS on NleL E705A in vitro ubiquitin chains. Ubiquitin
chains were generated using NleL170-782 E705A and Ubiquitin-MesNa. A) Western blot
analysis of NleL-generated ubiquitin chains monitored by use of a a-Ubiquitin antibody. B) Bar
chart of measured intensities of identified ubiquitin GlyGly-modified peptides generated by
digestion with GIuC. NleL chain mix was clipped with purified BpJOS'?2'® and digested with
GluC before LC-MS/MS. Intensities are given in arbitrary unit [a.U.]. The sequence and
GlyGly-modified lysine residue (red) of the respective peptides are listed below the bar chart
with the corresponding bar color. C) Bar chart of reported intensities of GlyGly-modified
peptides as in B) with the measured intensities of their respective unmodified counterpart. The
peptides carrying K6 are given in light and dark blue, the K48-peptides are given in light and
dark orange, and the K63-peptides are displayed in light and dark green. The intensities values
(1x107) are given above the respective bar. a.U., arbitrary Unit
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Reported intensities for the GlyGly-modified peptides and their unmodified
counterparts displayed some variability (Figure 28C). For the K6-peptide a deviation
of 45% was observed between the modified and unmodified form. The peptides
containing K48 were detected equally low intensities independent of the
GlyGly-modification. Unmodified K63-haboring peptides showed the highest reported
intensities. The GlyGly-modified counterpart was detected but in low intensity (2.5x108
a.U.; Figure 28C). The stark difference in collectively measured intensities for the K48
peptides (modified & unmodified) to the high intensity given for the unmodified K63-
peptide indicated a lack of relative quantifiability between different peptides. These
results implied that a calculation of ubiquitin site occupancy and dissection of chain
architecture in a quantitative manner is not feasible. If measured intensities can be
roughly extrapolated to abundance, K6-linkages were the dominant chain type
generated by NleL E705A. This results was in agreement with the published
preferences of the NleL variant for K6 chains (Franklin et al., 2023). Proposed low
prevalence of K48-linked and K63-linked chains are not necessarily in conflict with the
published results: the highly sensitive MS/MS analysis conducted here might report
low abundance linkages not observable in chain assays tested by SDS gels as
employed by the referenced study.

Despite the absence of quantifiability, the qualitative presence of ubiquitin chain
linkages of NleL E705A-generated chains could be determined by Ubi clipping with
BpJOS.

3.3.3 Ubi clipping with BpJOS on PARKIN chains

The ‘Ubi clipping with BpJOS’ method was utilized to study the types of chains
generated by PARKIN. The PARKIN E3 ligase is known to build K6-, K11-, K48- and
K63-linked ubiquitin chains upon mitochondrial depolarization and plays a vital role in
mitophagy and mitochondrial quality control (Narendra et al., 2008; Ordureau et al.,
2014). Mitochondrial damage is sensed by the kinase PINK1 which phosphorylates the
effector PARKIN at Ser65 to facilitate its active state by releasing PARKIN
autoinhibition (Chaugule et al., 2011; Kondapalli et al., 2012; Ordureau et al., 2014).

In a collaborative effort together with the Winklhofer Lab (Ruhr University Bochum) it
was aimed to uncover novel PARKIN activities. The protein purifications, PARKIN
activation by phosphorylation and the reaction mixtures were all prepared by Dr. Maria
Georgina Herrera (Winklhofer Lab) and the finished reactions were kindly provided for
this study (see methods chapter 2.2.5)

To our knowledge, it was yet unknown if PARKIN can assemble ubiquitin chains en
block, meaning the modification of a pre-existing ubiquitin chain with another ubiquitin
chain. Furthermore, it was unclear which types of modifications could be produced in
this process by PARKIN.

81



Results

Here, phosphorylated and thereby activated PARKIN (pPARKIN) was incubated with
tetra linear ubiquitin chains together with E1 and the E2 UbcH7 (Dr. Maria Georgina
Herrera). The final reactions before and after clipping with BpJOS were analyzed by
SDS-PAGE and western blotting (Figure 29A).
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Figure 29: Ubi clipping with BpJOS on PARKIN en block assembled ubiquitin chains.
Ubiquitin chains generated by pPARKIN were prepared by Dr. Maria Georgina Herrera
(Winklhofer Lab, RUB) and tested by Ubi clipping with BpJOS. A) Representative gel and
western blot of pPARKIN ubiquitin chains by reaction with E1, UbcH7, tetra linear (M1) ubiquitin
chains with and without ATP. Samples were analyzed unprocessed and after clipping with
purified BpJOS'22'®, Reactions were analyzed by Coomassie-stained SDS PAGE (upper panel)
and western blotting (lower panel). Linear chains were detected using a M1-ubiquitin antibody.
n=3. B)-D) Measured intensities by LC-MS/MS of generated ubiquitin GlyGly-modified peptides
after digestion with GIuC per experiment (n=3). Given are the respective reported intensities in
arbitrary Units (a.U.). E) Summary of identified GlyGly-modified ubiquitin peptides of
experiments B)-D). Experiment shown in B) detected a K48-GlyGly-modified peptides with a
missed GluC cleavage site (yellow arrow).
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As a negative control, a chain assembly reaction without ATP supplementation was
prepared. In absence of ATP, a strong band at around 30kDa was visible in the
Coomassie-stained SDS gel corresponding to the tetra linear chain input. This result
was validated by western blotting as the same band was recognized by an antibody
directed specifically against linear chains (anti-M1 ubiquitin; Figure 29A). The sample
supplemented with ATP showed the appearance of a pattern produced by linear chains
as monitored by the M1-specific antibody. The ubiquitin pattern was demonstrated to
derive from the tetra linear chains used as substrates as simultaneously the respective
30kDa band was reduced. This result demonstrated PARKIN chain assembly activity
using the tetra linear chain as substrate. Clipping with BpJOS collapsed the present
ubiquitin chains in the samples with and without supplemented ATP. Thereby, both the
tetra linear chain substrates in the negative control as well as the PARKIN-generated
HMW chains were converted into mono ubiquitin. Both samples were desalted and
digested with GluC before LC-MS/MS measurement.

In total, the ‘Ubi clipping with BpJOS’ method was utilized on three individual replicates
of the in vitro reactions. Measured intensities of GlyGly-modified ubiquitin peptides
varied across samples (Figure 29B-D). Overall, modifications at K6, K11, K6&K11, K48
and K63 within ubiquitin were identified (Figure 29E). All K6/K11-modified ubiquitin
peptides simultaneously carried a GlyGly-motif at their N-terminus. No modified
peptides were reported lacking the N-terminal GlyGly. The most distal ubiquitin moiety
within the tetra M1 chain used as substrates lacks this GlyGly-motif at its N-terminus
as it represents the end of the chain. This result demonstrated that PARKIN - at least
when modifying K6/K11- targeted one of the proximal units in the M1 chain and spares
the most distal unit, thus creating a branched chain. This instance implied that one or
more ubiquitin moieties being part of the pre-existing ubiquitin block were further
modified by another block. The data obtained demonstrated that modifications of these
ubiquitin moieties were occurring on K6 or K11. Notably, in experiment 2, a
doubly-modified peptide with GlyGly-motifs at K6 and K11 was detected additionally to
the N-terminal GlyGly (Figure 29C,E). This observation gave another indication for
branched chains. An inner-chain ubiquitin was simultaneously modified at K6 and K11,
each with tetra M1 ubiquitin blocks.

By testing with ‘Ubi clipping with BpJOS’, it could be shown that the pPARKIN E3 ligase
produced a novel chain architecture by en block assembly of tetra M1 chains in vitro.
Thereby several different ubiquitin linkages (K6/K11/K48/K63) were produced amongst
the generation of branched chains. These results render BpJOS a powerful tool to
dissect ubiquitin chain topologies by Ubi clipping.
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4 Discussion

Recent advances in the ubiquitin field uncovered the existence of a novel DUB-like
family of enzymes, which cleave ubiquitin and ubiquitin-like modifiers N-terminally of
the C-terminal GlyGly-motif called clippases. Several members of this novel class were
identified and biochemically characterized by the Hofmann group (Hermanns et al.,
2025). One candidate from Burkholderia pyrrocinia, termed BpJOS, was shown to
cleave mono ubiquitin and ubiquitin chains including the last moiety with high efficiency,
leading to its classification as one of the first described ubiquitin C-terminal clippase
(UCC). The unique clippase cleavage mode renders ubiquitin unrecyclable for another
modification cycle and marks the former substrate with the GlyGly-remnant. This
instance renders BpJOS an interesting new tool for studies on ubiquitin chain
architecture and the ubiquitome by proteomics. Exploiting BpJOS activity, the
Clippomics method was developed to separately study changes in ubiquitome and the
the ISGylome. Furthermore, a modified protocol of the published ‘Ub- clipping’ method
was established for the investigation of ubiquitin chain topologies.

Aspects of the characterization of clippase candidates in cell lysates and both
developed proteomics tools based on BpJOS will be discussed in the following
chapters and contextualized with current state-of-the-art publications.

4.1 Identification and characterization of novel clippases

4.1.1 BpJOS, BcJOS and SnJOS1/2 show clippase activity in cell lysate

In the bioinformatical search for clippases with certain specificities, such as against
K48 or K63 only, several candidates from different clusters of the Josephin family were
selected for further investigation and experimental validation.

During the characterization of clippase activity on cellular ubiquitination BpJOS and
BcJOS were shown to harbor the highest and most holistic activity (Figure 13A). Both
were able to cleave all ubiquitination within 1 hour including the most proximal ubiquitin
off substrates. In contrast to that, known conventional Josephin DUBs ATX3L and
JOSD2 exhibited moderate deubiquitinating activity despite long incubation hours
resulting in a portion of intact cellular ubiquitination. Both DUBs were reported to harbor
regular DUB activity with a preference for K48- and K63-linked polyubiquitin chains
(Grasty et al., 2019; Mao et al., 2005). In addition, JOSD2 was found to cleave K11
chains (Weeks et al., 2011). The preference for longer ubiquitin chains by ATX3L was
in agreement with observed residual ubiquitination across all molecular weights as
presumably remaining proximal ubiquitination was detected (Figure 13B). Despite
ATX3L’ reported faster DUB activity compared to JOSD2, cellular ubiquitination
showed higher decrease for JOSD2 (Weeks et al., 2011; Figure 13B). This instance
could be based on JOSD2'’s ability to also cleave shorter K11 chains when compared
to ATX3L activity.
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Beyond BpJOS and BcJOS, two additional UCCs were identified with SnJOS1 and
SnJOS2 albeit with slower activity against cellular ubiquitination. SnJOS1 and SnJOS2
were characterized as being active against di-ubiquitin of all chain types with lower
preference for K27, K29 and linear chains and did not exert autoinhibition (Boll et al.,
2023). The predominant ubiquitin chain linkages in unstressed cells are K48 and K63
as reported for yeast cells (Tsuchiya et al., 2018; P. Xu et al., 2009), suggesting that
SndJOS1 and SnJOS2 are indeed less efficient than BpJOS in deubiquitinating
substrates. Both enzymes are able to process single ubiquitin moieties demonstrated
by their reaction with activity-based-probes using ubiquitin’’® as bait (Hermanns et al.,
2025). Furthermore, mass spectrometry analysis of SnJOS1-treated K63-linked
di-ubiquitin resulted in C-terminally truncated proximal ubiquitin demonstrating its
clippase activity (Hermanns et al., 2025). These observations hint at SnJOS1 ability to
cleave off the proximal ubiquitin off substrates but might be inefficient in doing so
compared to the observed strong BpJOS cleavage activity of ubiquitination down to
the last moiety.

PvJOS from Pseudovibrios sp. showed moderate to high activity against cellular
ubiquitination but failed to generate GlyGly signals (Figure 14A). The absence of
GlyGly-signals pointed to conventional DUB activity. However, recent unpublished
studies revealed PvJOS being the first member of a new class of UCCs (Thomas
Hermanns, personal communication). PvJOS acts as a clippase, but in comparison to
conventional clippases, hydrolyzes the peptide bond not N-terminally but between the
Gly-Gly-motif in the ubiquitin C-terminus (RLRG|G) in all linkage types. This novel
mode of action was determined via intact mass spectrometry (unpublished) and cannot
be detected by the commercial K-e-GG-antibody. Thus, the activity remains unnoticed
when potential clippase activity is only detected by the use of the GlyGly-antibody. This
result presented one limitation of identifying novel clippases with the K-e-GG-antibody.
Solely clippase activity acting on the C-terminal GlyGly-motif modified to a lysine
residue can be detected by this antibody. This underlines the necessity to pursue
further testing of clippase candidates upon the observation of activity with additional
methods such as intact mass spectrometry. By employing such methods, a potentially
novel cleavage mode can be elucidated and prevents the false characterization of
these enzymes to the class of regular DUBs.

The non-Josephin clippase candidate ChNJC showed close to no deubiquitinating
activity when tested on cell lysate (Figure 14A). The enzyme does not belong to the
Josephin-family but is predicted bioinformatically to harbor two separate catalytic
domains (Kay Hofmann, personal communication). One of them is of a novel type and
appears to recognize ubiquitin in a clippase-like orientation, as modelled by
Alphafold-3. The other catalytic domain shows sequence similarities to the
ATG4-proteases (Kay Hofmann, personal communication). The function of neither
domain has been characterized, but the combination of a clippase-like domain with an
ATG4-like domain suggests a role of this enzyme in helping bacteria to evade
autophagic clearance. The four ATG4 isoforms in humans are reported to act on the
Ubl ATG8, which itself is divided into two the subclasses LC3 and GABARAP in
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mammals (Agrotis et al., 2019). ATG4 is one key player in autophagy as it lipidates
newly synthesized pro-LC3/ GABARAP, which leads to the recruitment other
autophagy machinery components at the formed phagophore promoting
autophagosome formation (Birgisdottir et al., 2013; Nieto-Torres et al., 2021). ATG4
then deconjugates the lipidated LC3/GABARAP form off the phagophore. This process
recycles it to their free form and thereby promotes autophagosome maturation and
elongation (Agrotis et al., 2019). As ChNJC harbors an ATG4-like domain, it could be
speculated that the expression of ChNJC by Chlamydiales sp. might serve the purpose
to counteract potential autophagic clearance of the bacteria upon infection, which is
termed xenophagy (Deretic et al., 2013). Purely speculatively, the bacterial ChNJC
could target host cell ATG8/LC3/GABARAP, thereby deconjugating it prematurely from
the phagophore and interfering with autophagosome formation.

Most constructs of the UCC candidates used in this study were designed as a
truncation with the exception of BcJOS. The truncations were designed to harbor the
predicted catalytically active domain but to leave out transmembrane regions and
unstructured regions to aid successful protein purification. Therefore, constructs were
chosen to focus on catalytic activity and to relegate potential regulatory functions. The
investigation of these functions was not prioritized in order to narrow down the search
of highly active enzymes potentially exhibiting modifier-specificity, which could be
utilized in other experimental approaches, such as the Clippomics method (See
chapters 3.2 and 4.2).

The lack of activity in truncated ChNJC might be based on the lack of potential
protein-binding domains, which could be required for interaction with the substrate or
binding partners mediating the substrate-DUB interaction. Furthermore, it was not
assayed whether ChNJC might rather act on LC3/GABARAP than on ubiquitin. Due to
the abundance of multiple other interesting UCC candidates, the characterization of
ChNJC was no longer pursued.

PaJOS from Pigmentiphaga aceris and HeJOS from Herbaspirillium sp. displayed
minor to moderate activity against cellular ubiquitination (Figure 14B). The absence of
generated GlyGly-signal with the K-e-GG-antibody hinted at conventional DUB activity
just as for PvJOS. In contrast to PvJOS, both enzymes could be validated as regular
DUBs as PaJOS was shown to react with the full-length Ub-PA probe and was able to
process the C-terminal GlyGly-motif of mono ubiquitin demonstrated by intact mass
spectrometry (Hermanns et al., 2025). Tests against the entire panel of di-ubiquitin
linkages displayed its specificity for K63-linked chains (Hermanns et al., 2025). HeJOS
was demonstrated to also cleave K63-linked chains with minor activity against K11
chains and was shown remain inactive against mono ubiquitin in intact mass analysis.
Together with the observation, that HeJOS did not react with the C-terminally truncated
(Ub™73) or full-length (Ub'7%) ubiquitin-PA probe, it could be speculated that HeJOS
requires binding of more than one ubiquitin moiety as linkage-specific DUBs often do
not react with probes (Hermanns et al., 2025). It is assumed that at least two ubiquitins
might be bound at HeJOS potential S1 and S1’ site for effective hydrolysis as this
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instance is shown for most linkage-specific DUBs, such as the member Zup1 of the
ZUFSP DUB family and its specificity for K63 chains (Hermanns et al., 2022).

The two remaining candidates CsJOS from Chlamydiales bacterium STE3 and PcJOS
from Parachlamydia sp. were seemingly devoid of deubiquitinating activity in cell
lysates of HEK293T cells. To answer the question, whether the lysates lacked a
suitable substrate for both candidates, their activity was investigated by additional
methods. In unstressed cells, linear chains are only present at very low basal levels
(Tsuchiya et al., 2018). CsJOS was recently shown to specifically cleave linear chains
employing clippase activity as demonstrated by intact mass analysis (Hermanns et al.,
2025). This result stressed the requirement for using of suitable substrates and
analysis methods to elucidate clippase activity, equivalent to the priorly discussed
results of PvJOS. Apart from CsJOS, PcJOS was the first linear specific clippase to be
uncovered and its comprehensive activity analysis will be focused on in the following
chapter.

Taken together, the characterization of the bacterial UCC candidates revealed the
existence of two linkage-specific UCCs (CsJOS, PcJOS), three linkage-promiscuous
UCCs (BpJOS, BcJOS, PvJOS) and two linkage-specific DUBs (HeJOS, PaJOS) in
the batch of tested Josephins while their eukaryotic counterparts JOSD2 and ATX3NI
lack chain specificity demonstrating the diversity in action within this family.

4.1.2 PcJOS is an M1-specific clippase

PcJOS was characterized as a clippase with specificity against linear chains (Figure
15). Validation of clippase activity was achieved by intact mass analysis of linear
di-ubiquitin incubated with PcJOS and the interpretation of acquired m/z ratios of
generated products (Figure 15B). The m/z ratio for an intact moiety (Ub) equals the
ratio for a moiety with an N-terminal GlyGly motif while simultaneously lacking the
C-terminal GlyGly motif (GG-UbAGG). Despite that conflation, it is assumed that those
peaks can be rather assigned to the GG-UbAGG product than PcJOS employing
conventional DUB activity in parallel to clippase activity.

Prior studies on PcJOS involved solving of the PcJOS structure in complex with linear
di-ubiquitin (Thomas Herrmanns, data not shown). The structure revealed how di-
ubiquitin is bound by PcJOS enabling further investigation of linkage-determining
interaction sites, which were focused on in experiments incorporated in the master
thesis (Kolek, 2021). Point-mutations within the interaction sites and corresponding
mutation sites in di-ubiquitin elucidated that both the S1 and S1’ site binding of the M1
chains are required for activity (Kolek, 2021). Despite these results, it is assumed that
PcJOS was able to cleave the proximal ubiquitin unit to a lower degree, presumably
caused by the experimental conditions using high amounts of enzyme (10uM PcJOS
on 500mM linear di-ubiquitin).
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The binding mode by PcJOS is reminiscent of eukaryotic M1-specific DUB OTULIN,
which also requires S1 and S1’ site binding and exhibits a ubiquitin-assisted catalysis.
Oversimplified, the OTULIN catalytic triad exerts auto-inhibition in absence of a
substrate but is released upon M1-ubiquitin binding pushing it into an active
conformation (Keusekotten et al., 2013). Main driver of this conformational change was
shown to be Glu16 in the proximal ubiquitin inserted into the catalytic center
(Keusekotten et al., 2013). For PcJOS binding of linear chains, Glu16 in the proximal
ubiquitin was equivalently important for ubiquitin processing as mutation of the
Glu16-contacting site R302A in PcJOS led to drastic decrease in activity (Kolek, 2021).
Whether PcJOS mimics OTULINs mode of action could not be fully dissected due to
lack of a PcJOS apo-structure without a linear di-ubiquitin as substrate.

PcJOS derives from the genome of bacteria of the Parachlamydia genus, which are
obligate intracellular bacteria (Amann et al., 1997; Greub & Raoult, 2002). Their natural
niche was reported to infecting free-living amoebae but show zoonotic potential. For
example, for one member of the genus, Parachlamydia acanthamoebae, it was shown
that the bacteria were able to invade human macrophages (Greub, Mege, & Raoult,
2003). Moreover, P. acanthamoebae was identified in nasal mucosa samples of
healthy volunteers but also was detected in serological samples of patients suffering
from pneumonia rendering it an emerging respiratory pathogen (Corsaro & Greub,
2006; Greub, Boyadjiev, et al., 2003). Studies on macrophage infection with P
acanthamoebae demonstrated the bacteria resided in an intracellular vacuole used as
a replication niche and at a later infection stage induced apoptosis (Greub, Mege, &
Raoult, 2003). In response to bacterial infection, bacteria containing vacuoles are often
decorated with linear chains by LUBAC triggering autophagic responses as shown for
S. typhimurium as a first line of defense in higher eukaryotic cells (Tripathi-Giesgen et
al., 2021). These vacuoles are then referred to autophagic clearance. Hypothetically,
PcJOS expression upon Parachlamydia infection of human cells could counteract this
defense mechanism by collapsing linear chains used for immune signaling by the host
cells. This hypothesis is still under investigation and is purely speculative. Due to
amoebae not harboring linear ubiquitin chains and the yet limited available data on
Parachlamydia infection of human cells, it remains unclear how this cleavage mode
evolved.

When PcJOS activity was assayed in LUBAC-transfected HEK293T cells, a decrease
of total ubiquitination pattern was observed independent of PcJOS or OTULIN
expression (Figure 15D). Albeit not being crucial for PcJOS characterization on
LUBAC-produced linear chains in vivo, this observation indicated a shift in the
ubiquitinome worth noting. Despite lack of further investigation, it is speculated that the
expression of the LUBAC components led to a deduction of free ubiquitin used for
regular chains present in HEK293T cells under basal condition, which are primarily
K48- and K63 chains, and a redirection of free ubiquitin for the generation of linear
chains.
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By the extended characterization of PcJOS, the existence and function of the first linear
chain specific clippase could be elucidated, which was followed by the identification of
the second linear-specific clippase CsJOS. These findings imply the existence of more,
yet undiscovered clippases with diverse ubiquitin chain-specificities.

4.1.3 BpJOS is a highly active, chain-promiscuous ubiquitin clippase

BpJOS was characterized in this study as well as in the first clippase publication by
Hermanns et al. as a highly active clippase targeting mono ubiquitin and ubiquitin
chains of all linkage types (2025). When tested against a di-ubiquitin panel of all linkage
types, BpJOS cleaved all linkages with high efficiency with the exception of K27-linked
di-ubiquitin (Figure 16A). Studies have shown that ubiquitin K27-linkages display
resistance to disassembly by USP2, USP5, and Ubp6, which are all able to efficiently
cleave all other chain topologies (Castaneda et al., 2016). Ubiquitin linkages via K27
harbor a unique architecture and distinct properties as they suffer from lower
solvent-accessibility and less mobility compared to all other chain types (Castafieda et
al., 2016). These results are in concordance with BpJOS decreased ability to hydrolyze
K27 di-ubiquitin albeit being linkage-promiscuous.

The BpJOS titration in HEK293T cell lysate revealed the production of a distinct band
at around 17kDa detected with the K-e-GG-antibody (Figure 16B). It was assumed that
this band represents a rather specific, formerly ubiquitinated substrate than
GlyGly-marked di-ubiquitin, which would run at around the same molecular weight.
This assumption is based on the observation that BpJOS efficiently hydrolyzes di- to
mono ubiquitin within minutes (Figure 16A). To answer the question which substrate
would be prevalent in such high amounts, an in-gel digest was performed and analyzed
by LC-MS/MS (data not shown). The obtained MS data listed several GlyGly-marked
lysine residues within core histones such as multiple variants of histone H2B in the
samples, which is in line with the numerous reports on strong regulation of histones by
ubiquitination serving as a signaling platform (Cao & Yan, 2012; Goldknopf & Busch,
1977).

This micro identification of former ubiquitin targets by BpJOS gave insight into BpJOS
potential to be used a proteomics tool for studying the ubiquitome in a greater scale as
pursued in chapters 3.2 (Clippmics) and 3.3 (Ubi clipping).
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4.1.4 BpJOS is inactive against ISG15

BpJOS’ high activity against ubiquitin came in stark contrast to its complete inactivity
against 1ISG15 (Figure 16C, Figure 17B,C,D). Compared to Nedd8, other Ubls like
ISG15 share less sequence conservation with ubiquitin (Ronau et al., 2016). This
instance is demonstrated by the conservation of both the lle36 and lle44 hydrophobic
patches in ubiquitin and Nedd8, which both are absent in ISG15. One of the most
crucial determinants in DUBs and clippases, is the interaction with modifiers via the
lle44-patch and lle36-patch recognition (Beal et al., 1996; Hermanns et al., 2025;
Ronau et al., 2016; Sloper-Mould et al., 2001). Upon single mutation of the respective
contact sites interacting with the 1l44- and lle36-patches, BpJOS activity against
di-ubiquitin was highly diminished or abrogated (Hermanns et al., 2025).

BpJOS inactivity against ISG15 was rationalized by the solved BpJOS structure in
complex with mono ubiquitin (Hermanns et al., 2025). BpJOS in complex with ubiquitin
was superimposed with a hypothetical BpJOS-ISG15 complex (data not shown). The
superimposed complex revealed the lack of sufficient interaction of BpJOS with ISG15.
Therefore, BpJOS can interact with ubiquitin or Nedd8 via their lle44 patches but does
not interact with ISG15 due to the absence of crucial interaction sites giving a structural
reasoning for BpJOS lack of activity.

Apart from activity against ubiquitin, BpJOS was shown to react with C-terminally
truncated Nedd8('-"3) probe. The activity of BpJOS against Nedd8 can be explained
by findings made for di-ubiquitin tested with BpJOS. When tested against a R74A
mutant of di-ubiquitin, BpJOS activity was abolished, but activity was hardly decreased
against the R72A mutant (Hermanns et al., 2025). This result demonstrated that
BpJOS interaction at R72 is dispensable for its clippase activity. Nedd8 harbors an Ala
residue at position 72, but in line with the findings, this sequence difference to ubiquitin
does not affect BpJOS activity. Furthermore, Nedd8 comprises the conserved lle44
patch. Both implications support the observed activity of BpJOS against Nedd8.

However, BpJOS showed only minor activity against cellular neddylation (Figure 16C,
Figure 17D). The detection with the anti-Nedd8 antibody showed a relatively low
prevalence of neddylation in unstressed HEK293T cells with three to four distinct bands
visible (Figure 17D). The low amounts of detectable neddylation under basal conditions
is reflected by studies showing the main Nedd8 substrate (>90% of neddylation
targets) are all eight Cullin ring ligases ( Cul-1, -2, -3, -4A, -4B, -5, -7, and Cul9/Parc)
with traces of non-Cullin neddylation substrates (Jones et al., 2008; Vijayasimha &
Dolan, 2021). Cullin ring ligases (CRLs) are multi-protein complexes comprised of a
Cullin scaffold as a core component interacting with a catalytic RING-containing protein
(RBX1/RBX2) at the Cullin C-terminus and binding a substrate receptor (e.g. Skp1) at
the Cullin N-terminus (Duda et al., 2011; Petroski & Deshaies, 2005; Zheng et al.,
2002). Neddylation of the Cullin C-terminus stimulates a conformational change within
the complex resulting in a shift from a closed to an open conformation. This allows for
the RBX1/2-bound ubiquitin E2 to reach the substrate recruited at the Cullins opposing
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end (Duda et al., 2011). Thereby, Cullin neddylation facilitates ubiquitination of targeted
substrates.

Monomeric Cullins can be roughly categorized into three different size ranges with
~87-90kDa (Cul-1,-2,-3,-4A,-5), ~105-114kDa (Cul-4B,-7) and ~183kDa (Cul9/PARC).
The size of assembled CRL complexes amounts to ~200-700kDa depending on the
composition (Duda et al., 2011).

The bands observed in HEK293T cell lysate using the Nedd8-antibody revealed two
bands at around 95kDa and 120kDa, which are assumed to belong to monomeric
Cullins, albeit no further assignment is possible by western blot alone (Figure 17D).
Suspected Cullin bands showed only a minor reduction upon NEDP1 or BpJOS
treatment indicating both were able to deneddylate Cullins notwithstanding to a very
low degree (Figure 17D). NEDP1 is reported as a Nedd8-specific protease, which is
able to deneddylate a wide variety of substrate including Cullins Cul-1,-2, -3 and -4A
in vitro (Chan et al., 2008; Mendoza et al., 2003). Assumed Cullin-neddylation, which
remained intact upon incubation with NEDP1, might be based on the presence of
Cullins apart from those which are reported to be deneddylated by NEDP1. However,
missing data on deneddylation of specific Cullins does not have to correlate with
missing NEDP1 cleavage ability. More than NEDP1, the principle deneddylase of
Cullins is the major multi-subunit complex termed COP9 signalosome with its CSN5
catalytic core (Pick et al., 2012). NEDP1 might rather exhibit activity against their
non-Cullin targets under experimental conditions in vitro compared to the cellular
environment, where the COP9 signalosome is proposed to act as the major Cullin
deneddylator.

Studies have shown that bacterial deamidases CHBP from Burkholderia pseudomallei
and Cif from Escherichia coli can deamidate Nedd8 at position GIn40 to Glu40 (Crow
et al., 2012; Cui et al., 2010). The deamidation reaction corrupts the Nedd8~CRL
interaction site, which diminishes the stabilization of the open conformation and greatly
reduces ubiquitination activity (Duda et al., 2011; Yao et al., 2012). It is hypothesized
that the changed interaction surface might impair Nedd8 removal. During the
deamidation reaction an amino acid amino (NHz) group is replaced by a hydroxyl (OH)
group. This reaction can occur in enzyme-free settings and spontaneously in cell
lysates depending on multiple factors. These factors include the ionic strength and type
of buffer used, the pH of the solution and is facilitated by high temperatures
(Boudier-Lemosquet et al., 2022). If this deamidation mechanism rationalizes the
impairment on BpJOS and NEDP1 deneddylation activity on Cullins is not clear. This
hypothesis would require validation by analysis of Nedd8 modifications in the given
experimental conditions in a native SDS gel. Alternatively, mass spectrometry analysis
specifically focusing on the occurrence of amino acid replacements in Nedd8 could be
pursued.

The more ubiquitin-targeting Lbpro* (L102W) variant was generated on the basis of
the Lbpro wild-type enzyme acting mainly on ISG15 (Swatek et al., 2018; Swatek et
al., 2019). Reminiscent of the Lbpro* variant, the generation of a more modifier-specific
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BpJOS variant was attempted (Thomas Hermanns, personal communication). The
solved structure of BpJOS in complex with ubiquitin allowed for the identification of
potential mutation sites driving modifier selectivity towards ubiquitin or Nedd8
(Hermanns et al., 2025). Although no structural feature could be identified for
increasing ubiquitin specificity, the D110 residue in BpJOS harbored potential for
blocking ubiquitin interaction (data not shown, Thomas Hermmans). The BpJOS
D110R mutant was assumed to repel ubiquitin at position R72 due to static repulsion.
Nedd8 harbors an alanine (A72) at this position potentially allowing for BpJOS D110R
binding. Extensive biochemical characterization of the BpJOS D110R variant
demonstrated a sharp decrease in activity against ubiquitin in cell lysate (data not
shown). However, activity against Nedd8 was also slightly impaired. The remaining
minor activity against ubiquitin at longer time points visualized by western blotting and
in mass spectrometry-based analysis revealed lack of absolute specificity (data not
shown). This specificity was aimed at for use in the Clippomics method, which will be
discussed in the following chapters, but was discarded due to residual conflation of
ubiquitin and Nedd8 modifications.

4.2 The Clippomics method
4.2.1 Conceptualization and development of the Clippomics method

The Clippomics method was developed to disentangle the modifiers ubiquitin, Nedd8
and ISG15 in complex samples. The conflation of the modifiers based on their shared
-RGG C-terminal motif is most often disregarded in studies profiling modified
substrates. By employing the Clippomics method, ubiquitin and potentially Nedd8 sites
are positively selected for by clipping with BpJOS before GlyGly-enrichment. ISG15 is
not targeted by BpJOS and escapes enrichment.

In order to assess a digestion enzyme apart from Trypsin for peptide generation, LysC,
Chymotrypsin and Lysarginase were tested for the scale of generated data sets in a
preliminary clippomics test. Of the tested enzymes, Lysarginase generated the biggest
set of identified proteins and detected GlyGly-carrying peptides (3.2.1).

Trypsin is considered the gold standard for generation of peptide fragments in
preparation for tandem MS. It creates relatively short peptides with an average length
of 14 amino acids by cleaving C-terminally of Arg and Lys residues (Burkhart et al.,
2012; Olsen et al., 2004). Further, the peptides carry at least two defined positive
charges: one at the N-terminus and one at the C-terminal Lys/Arg residue (Burkhart et
al., 2012). The positive charges facilitate peptide ionization generating precursors well
suited for later fragmentation in the collision cell (Dongré et al., 1996). These properties
render Trypsin-produced peptides optimal for measurement by CID (collision-induced
dissociation)-based LC-MS/MS (Burkhart et al., 2012). Lysarginase mirrors the
cleavage positions of Trypsin by cleaving N-terminally and not C-terminally of Lys and
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Arg residues. This instance leads to the generation of peptide with similar
characteristics, providing an explanation for the good performance in the digestion
enzyme test.

Chymotrypsin exhibits a broader specificity compared to Trypsin and Lysarginase as it
hydrolyzes proteins at the aromatic residues Phe, Trp, Tyr and to a lower extent at Met
and Leu (Hudaky et al., 1999; Vreeke et al., 2023). Chymotrypsin-generated peptides
are longer compared to Trypsin due to sparser cleavage sites (Vreeke et al., 2023).
Together with the proposed lower ionization capability due to the absence of additional
charges, it serves as a rational for the lower number of identified proteins in the enzyme
test. LysC is most often used in combination with Trypsin to enhance cleavage at Lys
residues (van der Hoeven et al., 2026; Wisniewski et al., 2009). Again, due to scarcity
in cleavage sites as it cleaves only Lys produced peptides are too long for optimal
behavior during tandem MS.

Taken together, Lysarginase was found to be most suitable digestion enzyme for the
Clippomics method and was incorporated into the protocol for further proof-of-concept
test.

4.2.2 First proof-of-concept Clippomics test

The first Clippomics test including an array of controls validated BpJOS and Lbpro
suitability to profile ubiquitinated and ISGylated proteins in complex samples. It was
expected that a minor amount of unspecific sites could be detected due to the high
sensitivity of MS measurement and potential co-enrichment of single, unmodified
peptides. The included negative control lacking clippase treatment yielded 7 seven
sites after GlyGly-enrichment despite the absence of endogenous clippases in human
cells. The ‘GlyGly(K) table generated by MaxQuant listed three sites with high
intensities defined by a 1x10° cutoff. The three reported GlyGly-sites included peptides
from Nesprin-2 (SYNE2), Spermatogenesis-associated protein 17 (SPATA17) and
K48-modified ubiquitin. It is likely that the sites of SYNE2 and SPATA17 are a false
assignment of measured peptides to the GlyGly-modified peptides by MaxQuant.

If not based on experimental circumstances, speculatively, detected GlyGly-sites could
derive from an endogenous, putative cell mechanism. Lysine-48-linked ubiquitin chains
convey the modified substrate to proteasomal degradation (Grice & Nathan, 2016;
Thrower et al., 2000). The B-subunits of the 20S proteasome exhibit protein breakdown
into peptides in a chymotrypsin-like and trypsin-like manner (Kisselev et al., 1999).
Possibly, proteasomal degradation produced peptides by chance, that were suitable to
be recognized by the GlyGly-antibody beads. Speculatively, in some cases proximal
ubiquitination might not have been removed efficiently from the substrate prior to
degradation leading to the generation of the GlyGly-remnant. As the overall amount of
these sites were low, the data gathered did not invalidate the use of the GlyGly-beads
for specific enrichment of GlyGly-carrying, formerly modified peptides.
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The absence of ubiquitination and neddylation in the samples was ensured by the
combination of E1-inhibitors (TAK243/MLN4924) and treatment of the lysates with
purified de-modifiers (SNUSP1/NEDP1) to the lysates. As both E1-inhibitor exert rather
strong selectivity for the targeted modifier than absolute specificity, dosages and
incubation times were titrated in experiments prior to the Clippomics test. Conditions
were selected to limit crosstalk to other modifiers, which supposedly led to insufficient
removal of the unwanted modifiers in the given experiment. The treatment with
E1-inhibitors might not have stalled all modification events due to short incubation
times (4/5h). Modification events might also have a lower turn-over rate and could have
sustained despite the treatment. Additional SnUSP1/NEDP1 treatment might
potentially not have compensated for removal of residual modifications to escape
detection by the sensitive MS analysis. The presence of residual modifications
provides an explanation for the presence of supposed ubiquitination sites in samples,
in which ubiquitination should have been depleted (samples 2,3,7 Table 25, Figure 23).
This instance strengthens BpJOS inactivity against ISG15 as the 7 sites found in the
sample proposed to harbor only ISGylation supposedly derived from residual
ubiquitination (sample 7, Table 25). Reported sites were matching the identified sites
in the neddylation test (Figure 23A): position 9 in the 14-3-3 protein, which was
assigned to being likely a ubiquitin modification.

The samples designed to harbor only neddylation still included GlyGly-sites
supposedly derived from ubiquitination including peptides from the 14-3-3 protein
(Samples 2 and 3, Table 25). No canonical Nedd8 sites were identified by BpJOS,
which was in line the low prevalence of neddylation in the samples visualized by
western blotting and decoration with a Nedd8-antibody (Figure 22). Furthermore, these
findings are in line with the comparably low number of bona fide neddylation targets
apart from Cullins reported by other studies (Jones et al., 2008; Rabut & Peter, 2008;
Santonico, 2020; Vijayasimha & Dolan, 2021).

Many proteomic studies on neddylation rely on overexpression of Nedd8-fusion
proteins which alters the neddylome due to increase in the cross talk with the
ubiquitination machinery, which in turn leads to artifacts (Enchev et al., 2015). This
instance demonstrates the technical challenges in deciphering the neddylome under
basal conditions and in the de-conflation with the ubiquitome. The investigation of
neddylated substrates, the function and prevalence of Nedd8 mixed- and poly-chains
remains an obstacle with current strategies. Recent advances in the Nedd8 field
display the emerging scope of cellular neddylation and its contribution to the Ubl code.
Lobato-Gil et al. employed a GlyGly-antibody-based strategy and investigated the
Neddylome by use of a Nedd8 R74K mutant (Lobato-Gil et al., 2021). The study found
1101 neddylation sites on 620 proteins and identified canonical and non-canonical
neddylation pathways.

A Nedd8-specifc clippase would negate the requirement for mutant generation.
Further, it would allow for the investigation of neddylation targets under basal
conditions as manipulation by over-expression or generation of knock-out cells would
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be dispensable. The investigation of shifts in the neddylome under controlled stressors
could be examined just by addition of purified clippase to lysate.

Such Nedd8-specific clippase has not been identified yet and advances in engineering
a Nedd8-specific BpJOS variant (BpJOS D110R, see 4.1.4) did not harbor a specificity
high enough for MS-based studies. However, novel clippases are currently being
discovered and their activities are subject in ongoing studies at the Hofmann lab
(Institute for Genetics, University of Cologne). The opportunity to employ such specific
clippases would give rise to a powerful tool in deciphering the neddylome.

For the investigation of ISGylation targets, the overlap of identified ubiquitin and ISG15
sites was initially explained with residual ubiquitination (Figure 23C, D). Despite that, it
is proposed that some lysine residues in proteins could be undergoing either
ubiquitination or ISGylation depending on the cellular context. ISGylation occurred
rapidly as strong ISGylation was detected within 24 hours of IFNB treatment in this
study (Figure 17A) and also other studies (Fan et al., 2015; Y. J. Kim et al., 2016).
Quick responses to viral infection are mandatory for cell survival, hence, ISG15 acts
antivirally by covalently modifying host and viral proteins which interferes with viral
assembly or function (Thery et al., 2021). The main ISG15 E3 ligase Herc5 associates
with polyribosomes and modifies newly synthesized viral and host proteins (Durfee et
al., 2010; Thery et al., 2021). Due to the rapid nature of ISGylation, it is proposed that
ISG15 modification relies more on target accessibility than on site-specificity compared
to ubiquitination. As clear evidence is lacking for that assumption, it is more implied by
the findings by Zhang et al. using bone-marrow-derived macrophages (BMDMs) of
ISG15 deconjugase-dead (USP18C61AC61A) and [sg75-/— mice under Listeria
monocytogenes infection (Yifeng Zhang et al., 2019). The study found a 71% overlap
of ubiquitin sites reported by other studies and their identified ISGylation sites in wild-
type animals (Yifeng Zhang et al., 2019). Notably, reported ubiquitin sites, which are
available on the PhosphoSitePlus PTM database, were acquired by GlyGly-enrichment
lacking exclusion of Nedd8 and ISG15 sites (Hornbeck et al., 2015; Yifeng Zhang et
al., 2019). Further, no discernable consensus motif for ISG15 modification could be
identified by Zhang et al. These data suggest ISG15 could be competing with ubiquitin
for site modifications.

Comparison of the 75 identified 1SGylated proteins in the present experiment with
identified proteins by Zhang et al. revealed that 45 of the proteins were reported in both
data sets. This comparably high number despite differences in used cell lines and
employed procedures lies in contrast to the number of shared sites: only 5 of the 100
identified sites in this study match with the sites by Zhang et al. This observation further
underlined the suspected variation in ISG15 modification sites.

Conclusively, the available data indicates that alternating ubiquitination or ISGlyation
at the same site could be possible.

BpJOS generated more GlyGly-sites in the samples containing both ubiquitin and
ISG15 (411 sites) compared to ubiquitin alone (292 sites) despite its inactivity against
ISG15 (samples 4 vs 1, Table 25). It is assumed that the deviation in the number of
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expected and acquired sites could be based on a single batch effect. Furthermore,
interferon-stimulation (as in sample 4) could have stimulated ubiquitination or,
alternatively, that ISG proteins expressed under the stimulation were additional targets
for ubiquitination.

4.2.3 Identification of ISG15 targets by the Clippomics approach

The Clippomics method employing the comparison of BpJOS- and Lbpro-generated
triplicate data sets revealed the identification of several high confidence ISG15
modifications, of which a subset could be validated by external resources (chapter
3.2.3, Table 27). Additionally, five ISGylation sites were found to belong to proteins
which, to my knowledge, have not yet been proclaimed as ISGylation targets (Table
28). These proteins include UBAP2L, YTHDF1/3, SNX2, MYOM2 and QRICH1. For all
proteins, moderate RNA expression levels were reported in HEK cells according to
data deposited on the Human Protein Atlas database (Thul & Lindskog, 2018). This
instance strengthens the plausibility of the identified proteins being expressed in the
given context and being bona fide targets of ISGylation. These results could be
confirmed by additional orthogonal validation. One example would be the enrichment
proposed ISGylation targets from cells undergoing microbial or viral infections to
investigate the physiological relevance of the ISG15 modification. This approach would
preclude the identified sites as technical artefacts and substantiate the validity of the
Clippomics method.

State-of-the-art strategies on profiling the ISGylome while discerning ubiquitin sites
often rely on ectopic (over) expression of ISG15 (Bhushan et al., 2020; Radoshevich
etal., 2015; Yan et al., 2021) or the generation of ISG15 knock-out mice (Yifeng Zhang
et al., 2019). Genetic manipulation can lead to the production of artifacts as overall
protein expression levels might shift in response. Further, the generation and breeding
of knock-out mice is costly, long-winded and requires a specific skillset not available to
all labs.

Other approaches to specifically target ISGylation could include prior treatment with
pan-DUB USP2 or USP21 (Hospenthal et al., 2015; Ye et al.,, 2011) to remove
ubiquitination or COP9 signalosome (Lyapina et al., 2001; Pick et al., 2012) and
NEDP1 (Mendoza et al., 2003; L. Shen et al., 2005) to remove neddylation as
discussed in (Thery et al., 2021). However, residual modifications not caught by the
treatment would yet again lead to false assignment of ubiquitin/Nedd8 sites to ISG15.
This was demonstrated by prior results in this study, which employed two-fold
approaches to remove unwanted modifiers, as most but not all modification was
eradicated (see 3.2.2, 4.2.2).

The Clippomics method as applied in this experiment allows for the distinguishment of
ubiquitin and ISG15 sites by in-lysate treatment of samples. The protocol negates the
requirement for further samples processing for modifier disentanglement. This renders

96



Discussion

it a suitable tool for the investigation of ISG15 targets in cells and tissues, potentially
samples of patients suffering from viral infections. An ISG15-specifc clippase has not
yet been identified but would further simply the process by omitting the comparison to
BpJOS-generated GlyGly-sites. Current projects in the Hofmann lab address this
search for ISG15-specific clippase with the prospect of uncovering such enzyme,
potentially in a viral genome.

4.2.4 Interferon-dependent shifts in the ubiquitome identified by Clippomics

In order to investigate, which ubiquitin sites are up- or down-regulated upon
IFNB-treatment, the Clippomics approach using BpJOS was conducted on untreated
and treated HEK blue cells. As a result, several ubiquitination sites have been
identified, that were upregulated primarily on Interferon-stimulated genes (ISGs).
Interferon treatment of cells simulates an infection condition as the production of
Interferons and Interferon-stimulated genes is a defense response to viral infections
(S.-Y. Liu et al., 2012).

In the proteomic samples, Nedd8 and Rab10 were highly downregulated in the IFNf-
treated samples compared to the untreated control (Figure 26B). Rab10 is reportedly
able to diminish pro-inflammatory signaling and interferon production (Di Wang et al.,
2010). In turn, Neddylation activates Cullin-Ring ligases and facilitates ubiquitination,
which renders it a potential target of being hijacked by viruses. Suppression of
neddylation was reported to negatively regulate viral replication as shown for Influenza
A, Herpesviruses and Adenovirus (Han & Zhang, 2018; Sun et al., 2018). Possible
interpretations of the downregulation of Rab10 and Nedd8 upon IFN could be that
these aid the innate immune response under infection conditions to fight off viral
infections and may be physiologically relevant in that context.

In line with the low abundance of Nedd8 in the proteomic sample, the
GlyGly-enrichment reported GlyGly-modified Nedd8 as one of the top hits (Figure
26C). It is proposed that Nedd8 could be targeted to proteasomal degradation by
ubiquitination to suppress virulence in infection conditions. Alternatively, these sites
might derive from another Nedd8 moiety. BpJOS showed moderate activity against
Nedd8 in previous experiments (Figure 17C, Figure 22). The production of tri-Nedd8
chains was reported under stress conditions and could be present in the given
conditions (Keuss et al., 2019). A lack of detectable Nedd8 chains in Western blotting
was observed in several experiments testing Nedd8 abundance in HEK blue cells
(untreated/IFNB-treated; Figure 17D, Figure 22). However, it cannot be excluded that
Nedd8-chain levels were too low for antibody-detection but prevalent enough to be
measured via MS.

The lower amount of GlyGly-sites detected in the IFN-treated group as visible in the

volcano plot raised the question whether it may be based on a technical artefact or

does indeed have physiological relevance (Figure 26C). Only 122 exclusive
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GlyGly-sites were detected in the IFN-treated samples, which may provide a technical
reason for this finding. Western blot analysis of samples used for GlyGly-enrichment
showed a moderately lower presence in IFNB-treated samples when clipped with
BpJOS (Figure 26A), which could underline a technical issue. However, increased
ubiquitination of ISGs under IFNB-treatment may potentially lead to lower ubiquitination
of non-ISGs in simulated infection conditions. This hypothesis could be tested by
producing multiple replicates of the experiments and potentially by employing a
different cell line.

Upregulated ubiquitination was primarily observed for multiple IFN-stimulated gene
(ISGs) proteins in IFN induced samples. This instance could be based on the choice
of the cell line used. The IFN type | HEK blue reporter cells employed here might
display enhanced expression of ISGs compared to physiologically more relevant
models. These models would include virus-infected cells or tissue material of patients
suffering from virus infections. Therefore, the investigation of shifts in the ubiquitome
upon IFN treatment in cells serves as test model for the establishment of the
methodology to use it in future studies under physiological contexts.

Hypothesizing that the ubiquitination of ISGs was a physiological effect, it may serve
the purpose of regulating ISG activity. As viral infections demand an immediate cellular
response, ISGs often may be short-lived and require a regulation to prevent extensive
inflammation and tissue damage (Schneider et al., 2014; P. Wang et al., 2015; Yang &
Li, 2020).

In this regard, it would be interesting to further identify ubiquitination substrates of
putative ISG ubiquitin E3 ligases such as DTX3L, which was found be ubiquitinated
itself in the present study (Table 30). Beyond DTXS3L, other interferon-stimulated E3
ligases were identified in the data sets including TRIM25 and TRIM28. These ligases
are upregulated upon IFN induction, from which arises the question which substrates
these are targeting. All three ligases have been reported to mediate different processes
during interferon presence (Hua et al., 2024; Nakasato et al., 2006; Yong Zhang et al.,
2015). Interestingly, TRIM25 is capable of substrate modification with either ubiquitin
or ISG15 (Nakasato et al., 2006). This finding renders it an interesting target for the
Clippomics approach. Upon testing with BpJOS only or BpJOS and Lbpro, as for the
identification of ISG15 targets (3.2.3) one could decipher in which contexts which
modifier is used for ligation.

Across all Clippomics studies presented here, the number of identified sites was lower
compared to other published studies using the GlyGly-enrichment kit by Cell Signaling
Technologies. Detected sites ranged from a few hundred GlyGly-sites (chapter 3.2.2)
to a maximum of 1604 GlyGly-sites (chapter 3.2.4). Early, published studies reported
around 370 ubiquitinated sites in HEK293 cells (G. Xu et al., 2010). More recent studies
report around 11.000 ubiquitin sites (Wagner et al., 2011), 19.000 sites (W. Kim et al.,
2011) or even 23.000 sites (van der Wal et al., 2018). Notably, some of these studies
do not discern between ubiquitin and ISG15/Nedd8 sites.
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In the last years, major advances were made by the development of advanced mass
spectrometry techniques, such as data-independent acquisition (DIA) and parallel
reaction monitoring (PRM). Different methods were employed for harvesting an
increasing amount of ubiquitination sites: some studies used SILAC labeling, some
treated tested cells priorly with proteasome inhibitor MG-132 and the protein input
varied, if disclosed. Some studies employed 20mg of protein input compared to the
2mg used in the present study. Furthermore, some studies use peptide fractionation
prior to the GlyGly-enrichment (van der Wal et al., 2018) or prior to MS measurement
(Hansen et al., 2021; Ordureau et al., 2015). Taken together, the employed
methodology to study ubiquitination sites varies highly and in accordance, the number
of identified sites varies as well.

The Clippomics methods presented here serve as methodological bases, which can
be further improved by increasing the protein input, incorporation of more advanced
MS techniques compared to those used here or additional fractionation. Further,
current studies aim to expand the identification from ubiquitin sites on lysine residues
onto other ubiquitinated targets, such as modifications at serine or threonine residues
or ubiquitination of sugars and other biomolecules. For that end, it would be beneficial
to replace the GlyGly(K)-targeting IP Kit (Cell Signaling Technologies) with a more
suitable enrichment method. As an alternative, biochemical labeling of newly
clippase-generated amino termini at glycine residues is currently being tested. This
novel labeling method is based on the specific targeting of the newly introduced amino
termini with a small peptide handle fused to Biotin, which can be enriched from the
samples by IP. The studies are ongoing in the Hofmann lab but showed first, promising
results.

Moreover, GlyGly-sites generated by the linear specific PcJOS clippase could be
enriched by utilizing a specific antibody directed against the GG-M-motif, which was
published in Davies et al., 2021. By that, potentially new targets of the LUBAC complex,
which are decorated with linear chains upon immune signaling, could be identified.

Overall, the Clippomics method was established to decipher ISGylation targets in
complex samples (3.2.3) or targeting ubiquitin events in presence of ISG15 without risk
of modifier conflation (3.2.4). These render the method a universal tool with prospect
to employ it in physiological relevant specimens in the future.
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4.3 Ubi clipping with BpJOS

The quantification or stoichiometric analysis of site-specific ubiquitin occupancy and
prevalence of ubiquitin chain types remains a hurdle for studies of the ubiquitome. The
dynamics of the ubiquitin modification, varying ubiquitination turn-over rates and the
production of different modified and unmodified peptides by Trypsin digestion are only
few of these challenges.

In recent years few studies have addressed this challenge. These studies are mostly
based on SILAC labeling of proteins or IBAQ-labeling of peptides followed by the
enrichment of trypsin-generation of GlyGly-remnants (Hristova et al., 2020) or in
combination with chemical modifications (Y. Li et al., 2019) and spinking-in of an
internal standard for MS measurement (Prus et al., 2024). These procedures are
complex, costly and disregard the modifier conflation of ubiquitin, Nedd8 and ISG15
when digesting with Trypsin.

In order to provide a simpler method for the semi-quantitative analysis of ubiquitin chain
modifications, the ‘Ubi clipping with BpJOS’ method was presented. The first test using
di-ubiquitin chains clipped with BpJOS and digested with GIuC or AspN harbored
similar intensities for the unmodified and GlyGly-modified peptides (chapter 3.3.1).
These results indicated a feasible estimation of ubiquitin modifications. Despite the
successful efforts in low complexity samples, it failed to be applicable to more intricate
ubiquitin chain architectures when tested on chains generated by NleL E705A (chapter
3.3.2). The calculation for ubiquitin modifications was further complicated by the
production of peptides with one or two missed cleavage sites by GluC digestion. On
top of that, generated peptides behaved differently in the mass spectrometer
independent of the GlyGly-modification as the unmodified K48-peptide
(GIPPDQQRLIFAGK(48)QLE) was detected with lower intensities compared the
unmodified K63 or K6 peptide throughout experiments (chapters 3.3.2, 3.3.3). Despite
not aiming for the comparison of different sites with each other, this instance is worth
noting. The use of a spiked-in internal standard for MS measurement could help with
the quantification, even those detected with lower intensities.

However, ‘Ubi clipping with BpJOS’ allowed for the identification of generated ubiquitin
chain types without claiming for absolute quantification. By using the method, it was
confirmed that the bacterial E3 ligase NleL E705A mainly produces K6-linked ubiquitin
chains. Further, when used on chains generated by PARKIN, it was elucidated that the
E3 ligase en block-ubiquitinated present chains via several linkages (K6/11/48/63).
Besides these linkages, it was shown that PARKIN produced K6/K11-branched chains
on an inner-chain ubiquitin moiety as displayed by peptides simultaneously
GlyGly-modified at the Met N-terminus, K6(GG) and/or K11 (GG). These results
demonstrated that BpJOS is a powerful tool in dissecting ubiquitin chain architecture.

Notably, the identification of branched chains by the ‘Ubi clipping’ method presented
here was only applicable to ubiquitin modifications at K6 and K11 as these lysine
residues reside on the same peptide generated by GluC (see Figure 27A). Branched
modifications at K27, K29 and K33 could theoretically be identified by the method but
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have not been observed in the experiments given. As K48 and K63 are present on
different peptides separated by GluC digestion, branched chains could not be identified
with used experimental conditions. Use of an alternative digestion enzyme preserving
K48 and K63 on one peptide would presumably render it too long for efficient MS
measurement.

Hypothetically, the ‘Ubi clipping with BpJOS’ method could be improved by swapping
the GluC-based bottom-up proteomics approach by a top-down approach: BpJOS
clipping would convert ubiquitin chains into single moieties carrying GlyGly-remnants
at one or multiple sites. This could be followed up with intact mass analysis. Thereby,
single moieties could be identified as single or multiply modified. Subsequently, these
moieties could separately be converted into peptide fragments by fragmentation for
MS2, which would allow for site-identification.

The initial ‘Ub-clipping’ method using Lbpro* published by Swatek et al. employs
TUBE-enrichment of ubiquitin chains and subsequent intact mass analysis. Further,
they used quantitative  AQUA MS of Lbpro*-clipped and Trypsin-digested
monoubiquitin  moieties  (Swatek et al., 2019). Using these methods, they
demonstrated that 4-7% of TUBE-pulled ubiquitin chains from HCTT16 whole cell
lysates were present as branched chains. By coupling the TUBE-pulldown to AQUA
MS, they investigated in vitro generated chains by PARKIN. Similar to the results
presented in the given study, PARKIN was found to build K6, K11, K48 and K63-linked
ubiquitin chains. Furthermore, it was found that PARKIN generated branched chains
as measured by intact mass. As analysis by intact mass alone does not allow for site-
specific identification of branching, it could not be determined which branched linkage
types were produced by PARKIN (Swatek et al., 2019). This strengthens the
applicability of ‘Ubi clipping with BpJOS’ on the identification of ubiquitin branches at
the N-terminal internal ubiquitin lysine residues.

The versatility of BpJOS in the elucidation of ubiquitin substrates or chain types was
recently acknowledged by two emerging applications. One group used BpJOS to
investigate the ubiquitin chain types and production of branched chains by the Varicella
Zoster Virus encoded E3 ligase ORF16 (Puri et al., 2026). Intriguingly, the Komander
lab was able to identify ubiquitination of glycogen and other biomolecules employing
BpJOS in a non-protein Ub-clipping approach termed ‘NoPro-clipping’ (yet
unpublished). These studies solidify BpJOS as a potent instrument in unraveling the
copious ubiquitin substrates and intricate ubiquitin chain architectures.

Despite several limitations to the ‘Ubi clipping with BpJOS’ method, one application
could be addressed which is not easily met by current strategies. Hybrid chains such
as SUMOylated ubiquitin or ubiquitinated SUMO moieties predominantly occur upon
different stressor and are associated to DNA damage responses and proteasomal
degradation (Guzzo & Matunis, 2013; Hendriks et al., 2014; Hendriks et al., 2017).
Trypsin digestion for the investigation of hybrid chains generates the GlyGly-remnant
for ubiquitin. In contrast, human SUMO paralogs have a threonine preceding the
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C-terminal GlyGly-sequence and no other tryptic cleavage sites near the C terminus
(Lumpkin et al., 2017). Trypsin digestion would harbor the following C-terminal SUMO
peptide: FDGQPINETDTPAQLEMEDEDTIDVFQQQTGG-K(modified)-X.

This renders the peptide presumably too long for efficient flight properties in the mass
spectrometer. Studies often rely on manipulation by mutations of the SUMO
C-terminus to make it more amenabile to trypsin-based cleavage (Blomster et al., 2010;
Knuesel et al., 2005; Lumpkin et al., 2017).

‘Ubi clipping with BpJOS’ could be employed to discern SUMO-Ub chains from
Ub-SUMO chains. BpJOS does not target SUMOylation (data not shown). If a hybrid
chain is clipped with BpJOS, GlyGly-remnants are generated only by the initial ubiquitin
modification. As SUMO contains several glutamic acids residues within its C-terminus,
digestion with  GIuC would produce the C-terminal SUMO peptide
DTIDVFQQQTGG-K-X. Digestion with AspN would even generate a shorter peptide
with DVFQQQTGG-K at the initial modification sites. This would allow for the
disentanglement of whether ubiquitin was SUMOylated or SUMO was ubiquitinated at
a lysine residue.

Taken together, the gathered results in this and other studies exemplify BpJOS as a
powerful incentive in the studies of the ubiquitome. BpJOS can be utilized as a Swiss
knife in various contexts and samples to dissect novel ubiquitin substrates and harbors
the potential to be employed on branched and hybrid ubiquitin chains.
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5 Appendix
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Figure 30: Western blot analysis of samples used for the proof-of-concept Clippomics
test. Samples were taken after each step of the protocol and assessed for presence of
GlyGly(K)-remnants monitored with a-K-e-GG antibody. Tubulin was detected as a loading
control. Sample treatments are indicated with a plus (+) symbol above the figure. Treatment
with ubiquitin E1-inhibitor TAK243, Nedd8 E1-inhibitor MLN4924 and Interferonf (IFN) was
conducted in cellulo. Samples taken after cell lysis are highlighted in the yellow box. E1-
inhibitor treatment for ubiquitin and neddylation reduction was complemented with SnUSP1
and NEDP1 treatment (each 10uM, 1h) and is highlighted by the blue box. Duplicate samples
(lanes 9, 10, 11) were divided for BpJOS or Lbpro treatment (9> 15/17, 10> 16/18,
11->19/20). BpJOS'#2'8 (10uM) and Lbpro?®-'% (40uM) purified proteins were incubated for
2.5h on ice. BpJOS-treated lanes are given in green; samples treated with Lbpro are given
in purple. Samples tested in lanes 13-21 were subsequently subjected to GlyGly-enrichment
and MS analysis.
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Table 31: Selected top 20 hits of GlyGly-sites shared among samples 4 (assumed to only
harbor ubiquitin sites in presence of ISGylation;+IFN, +MLN4924/NEDP1) and sample 1
(assumed to only harbor ubiquitin sites in absence of ISGylation; -IFN, +MLN4924/NEDP1).

Multiple positions correspond to positions in isoforms. The GlyGly-sites are given in order of
decreasing intensity.

Positions within proteins Protein names Gene names
48;50 Ubiquitin-40S ribosomal protein RPS27A; UBB
S27a
8 40S ribosomal protein S20 RPS20
121 Histone H2B type HIST1H2B
148 Spermatogenesis-associated SPATA17
protein 17
4 40S ribosomal protein S20 RPS20
113 Ubiquitin-40S ribosomal protein RPS27A
S27a
138;149 40S ribosomal protein S10 RPS10
507;510 Heat shock cognate 71 kDa HSPAS
protein
9 14-3-3 protein beta/alpha YWHAB
2307 Nesprin-2 SYNE2
72;119 T-complex protein 1 subunit beta CCT6A
117 Histone H2B type 1 HIST1H2BJ
9; 11 14-3-3 protein YWHAZ
beta/alpha/zeta/delta
60; 63 Zinc finger protein 516 ZNF516
92 Ubiquitin-conjugating enzyme E2 UBE2N
N
524:469;524 Heat shock 70 kDa protein 1A HSPA1A
214;230 40S ribosomal protein S3 RPS3
119 Histone H2A type 1 HIST1H2AJ
1363;1408;1426;1460;1493 | BCL-6 corepressor-like protein 1 BCORL1
34 Proteasomal ubiquitin receptor ADRM1
ADRM1
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Table 32: List of all 24 GlyGly-sites proposed to stem from residual ubiquitination and
not from BpJOS targeted ISGylation. Sites derived from the comparison of proposed
ISG15-only data sets and ubiquitin only data sets in absence or presence of ISG15 (Samples
8 vs 4 + Samples 8 vs 1). The sites are given in alphabetical order by protein name. Listed

positions correspond to positions in isoforms.

Positions within proteins Protein names Gene names
9 14-3-3 protein zeta/delta YWHAZ
138;149 408S ribosomal protein S10 RPS10
4 40S ribosomal protein S20 RPS20
8 40S ribosomal protein S20 RPS20
214;230 40S ribosomal protein S3 RPS3
52:51 60S ribosomal protein L11 RPL11
93 60S ribosomal protein L24 RPL24
1363;1408;1426;1460;1493 | BCL-6 corepressor-like protein 1 BCORL1
71 Heat shock 70 kDa protein 1A HSPA1A
524;469;524 Heat shock 70 kDa protein 1A HSPA1A
119 Histone H2A type 1/3 HIST1H2AC
121 Histone H2B type 1-J HIST1H2BO
251;307 Melanoma-associated antigen D1 MAGED1
309;335;537 Neutral amino acid transporter SLC1A5
B(0)
56;127 Proteasome subunit alpha type-4 PSMA4
206;191 Pyruvate kinase PKM PKM
148 Spermatogenesis-associated SPATA17
protein 17
182;275 T-complex protein 1 subunit CCTS5
epsilon
5;5 T-complex protein 1 subunit zeta CCT8
315 Transmembrane protein 59 TMEM59
48 Ubiquitin-40S ribosomal protein RPS27A;UBB
S27a
92 Ubiquitin-conjugating enzyme E2 UBE2N
N
83;83 UBX domain-containing protein 1 UBXN7
99 UBX domain-containing protein 7 UBXN7
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Table 33: All high confidence ISG15 sites identified by Clippomics. Listed are all 19
GlyGly-sites of ISGylated proteins in the high confidence category. These sites were identified

in all three Lbpro-generated data sets, but in BpJOS-generated data sets. Listed positions
correspond to positions in isoforms.

Positions
within proteins Proteins Gene names
413;420 Ubiquitin-associated protein 2-like UBAP2L
240;244 YTH domain-containing family protein 1 YTHDF1
389;468 Probable ATP-dependent RNA helicase DDX17
DDX17
915;926 Regulator of nonsense transcripts 1 UPF1
399;440 Interferon-induced, double-stranded RNA- EIF2AK2
activated protein kinase
48;79 Cytosol aminopeptidase LAP3
84:206:84 Heat shock protein HSP 90-alpha HSP90AA1
447:479;556 Eukaryotic translation initiation factor 4 EIF4G1
603;643;650 gamma 1
435 Bifunctional glutamate/proline--tRNA EPRS1
ligase
58;180;58 Heat shock protein HSP 90-alpha HSP90AA1
594 Elongation factor 2 EEF2
131;248 Sorting nexin-2 SNX2
11 Myomesin-2 MYOM2
246 Transcriptional regulator QRICH1 QRICH1
38;38;71 Caspase-7 CASP7
185 Coiled-coil domain-containing protein 124 CCDC124
117167 ATP synthase subunit alpha, mitochondrial ATP5F1A
219;219 Protein-L-isoaspartate(D-aspartate) O- PCMT1
methyltransferase
426;669;671 Protein PRRC2C PRRC2C
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°C

a.Uu.
APS
AspN
ATG
ATP
BcJOS
BpJOS
C18
CAA
CsJOS
PvJOS
DNA
dNTP
DTT
DUB
ECL

FA
FAT10
FBS
fwd
GluC
GlyGly
HeJOS
HEK
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IFNB

Degree celsius

Arbitrary Units
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I
LC-MS/MS
Lysarginase
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min
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ms
NazHPO4
NaCl

NAE

PA

PaJOS
PBS
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PCR
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rev
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SDS-PAGE
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Interferon-stimulated gene
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Liter
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Minutes
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Milli seconds

Disodium hydrogen phosphate

Sodium chloride
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Phosphate buffer saline

Josephin-like enzyme from Parachlamydia
Polymerase chain reaction
Polyethylenimine

Polyvinylidene fluoride
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RING-Cys-Relay

Reverse

Really-interesting-new-gene
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Seconds

Site-directed mutagenesis
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SUMO-targeted ubiquitin ligase

Small ubiquitin-like modifier
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TEAB
TEMED
TFA
Tris
UAE
Ub
UBD
Ubl
UCH
UFM1
UIM
UPS
USP
WT

Triethylammonium bicarbonate
Tetramethylethylenediamine
Trifluoroacetic acid
Tris(hydroxymethyl)aminomethan
Ubiquitin-activating enzyme
Ubiquitin

Ubiquitin-binding domain
Ubiquitin-like protein

Ubiquitin C-terminal hydrolase
Ubiquitin-fold modifier 1
Ubiquitin-interacting motif
Ubiquitin proteasome system
Ubiquitin-specific protease

wild type
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Zusammenfassung

10 Zusammenfassung

Die posttranslationale Modifikation durch das kleine Protein Ubiquitin reguliert nahezu
alle zellularen Prozesse und ist unerlasslich fir die Proteinhomdéostase, die
Zellproliferation und das Zelliberleben. In den letzten Jahren wurde eine Vielzahl
massenspektrometrischer Methoden entwickelt, um ubiquitinierte Substrate, deren
individuelle Modifikationsstellen und die Architektur zellularer Ubiquitinketten
aufzuklaren. DarUber hinaus zielten Studien darauf ab, einen umfassenden Einblick in
die Modifikationen durch die ubiquitin-ahnlichen Proteine Nedd8, ISG15 und SUMO zu
gewinnen. Aktuelle Studien verwenden jedoch entweder sehr komplexe Strategien, um
zwischen den Modifikatoren zu unterscheiden, die aufgrund ihrer Ahnlichkeiten in der
Primarsequenz oft verwechselt werden, oder ignorieren diese Verwechselung
ganzlich. Die Charakterisierung mehrerer Mitglieder einer neuen Klasse von
Deubiquitinierungsenzymen bakteriellen Ursprungs ebnete den Weg flr deren Einsatz
in massenspektrometrischen Studien von Ubiquitin- und ubiquitin-ahnlichen
Modifikationssystemen. Diese Enzyme ,clippen® innerhalb des C-Terminus der
Modifikatoren und hinterlassen einen GlyGly-Rest an den Modifikationsstellen.
Aufgrund ihrer ungewohnlichen Wirkungsweise wurden diese Enzyme als Clippasen
bezeichnet. Eines der charakterisierten Enzyme ist BpJOS aus Burkholderia
pyrrocinia, das eine aulergewohnlich hohe Aktivitat gegenuber Ubiquitin aufweist und
dabei unspezifisch auf alle Ubiquitin-Kettentypen wirkt. Dartiber hinaus ist BpJOS
gegenuber dem Modifikator ISG15 inert. Basierend auf der Aktivitat von BpJOS
wurden zwei verschiedene massenspektrometrische Methoden entwickelt, um die
Licken der derzeit verfigbaren, etablierten Protokolle zu schlieRen. Zunachst wurde
die einfach anzuwendende Methode ,Clippomics® konzipiert. Diese Methode
ermdglicht die Unterscheidung zwischen Ubiquitin- und 1SG15-Modifikationen in
komplexen Proben durch parallele Behandlung mit der publizierten,
ISG15-spezifischen Clippase Lbpro. Darlber hinaus ermdglicht die alleinige
Behandlung mit BpJOS die spezifische Identifizierung von Ubiquitinierungsstellen in
Gegenwart von 1ISG15. Dadurch wurden die Veranderungen des Ubiquitoms nach
Interferon-Stimulation, wie sie unter Infektionsbedingungen auftreten, untersucht.
Beide Anwendungen dienen als Machbarkeitsnachweise fiur ihren Einsatz in
nachfolgenden Studien, da die ,Clippomics‘-Methode weitere genetische
Manipulationen zur Unterscheidung von Ubiquitin und 1ISG15 entbehrlich macht und
auf eine Vielzahl von Proben anwendbar ist. Zweitens wurde BpJOS zur Untersuchung
von Ubiquitinkettenverknupfungen in In-vitro-Studien eingesetzt. Die ,Ubi-Clipping mit
BpJOS“-Methodik ist vom ,Ub-Clipping“-Ansatz mit Lbpro inspiriert. Die durch die
Clippase erzeugten GlyGly-Reste nach Behandlung von Ubiquitinketten ermdéglichen
die detailliete  Charakterisierung der vorhandenen Kettenverknipfungen
und -architekturen. Dieser Prozess wird durch die hohe Aktivitat von BpJOS gegenuber
Ubiquitin im Vergleich zur publizierten Lbpro-Clippase optimiert. Zusammengefasst
dient BpJOS als leistungsstarkes, vielseitiges Werkzeug zur Aufklarung von Ubiquitin
und ubiquitin-ahnlichen Modifikationen. Beide entwickelten, Massenspektrometrie-
basierten Methoden bergen gro3es Potenzial, einen bedeutenden Beitrag zum

Forschungsgebiet der Modifikationssysteme zu leisten.
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