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E3 ligases are central players in protein homeostasis, deciding which proteins are degraded by
conjugating ubiquitin onto their target proteins. Beyond degradation, ubiquitination regulates
a myriad of further cellular signaling pathways. E3 ligases have developed different strategies
to identify their ligands, one of which is the recognition of an autonomous interaction-
mediating compact binding sites called Short Linear Motif (SLiMs). SLiMs are typically 3-10-
residue stretches embedded in intrinsically disordered regions, and commonly serve as binding
interfaces. SLiMs which lead to ubiquitination and proteasomal degradation upon binding to
their target E3 ligases are called a degrons. SLiM-based protein-protein interactions typically
rely on 3-4 conserved key residues, with less-conserved flanking regions tuning binding affinity
and specificity. Elucidating the substrate determinants of the ca. 900 E3 ligases has been one
of the central challenges of the E3 ligase field.

This thesis presents the investigation of the SLiM-binding of more than 140 domains from
E3 ligases and associated auxiliary proteins, distributed over four studies. SLiM discovery was
based on proteomic peptide—phage display (ProP—PD) screening. ProP—PD is a high-throughput
method to identify peptide ligands from the proteome, from which consensus motifs can be
derived. We disclose 11,460 potential SLiM instances of the E3 ligase machinery. We describe
40 distinct SLiMs, of which 14 are either entirely novel or redefine known binding determinants.
The defined SLiMs allow us to predict additional putative proteomic binding sites. Interactions
were validated using peptide SPOT arrays, and characterized using fluorescence polarization-
based affinity measurements. Motif key residues were further validated using alanine-scanning
footprinting. Using artificial intelligence-based modelling, we localized binding sites on the
folded domains and validate them through site-directed mutagenesis. Among the results, we
highlight the establishment of internal peptide recognition by the TPR domain of STUBI, the
definition of the peptide-binding capacity of four MIB-HERC2 domains, and the establishment
of a RNF41 binding motif in USPS.

Collectively, the research provides a substantially expanded SLiM-based interaction space
of E3 ligases, both in terms of interactions and motifs. By systematically mapping E3 binding
motifs and binding sites at unprecedented scale, this thesis provides a resource that advances
the biochemical understanding of the protein-protein interactions of E3 ligases. The insights
into these interactions may contribute to the decoding of specificity determinants of ubiquitin-
mediated signaling, and may lay the groundwork for future efforts to predict, manipulate, and
therapeutically target ubiquitin-dependent regulatory networks.
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1. Introduction

1.1. Modularity of proteins, intrinsically disordered
regions and motif-based interaction

Proteins and their modularity

Proteins constitute the fundamental functional units, or players, of the cell.
Confined by the cell membrane, proteins operate in the intracellular environ-
ment is enclosed by a cell membrane. They act together with other biomole-
cules, such as lipids, carbohydrates, and nucleic acids in diverse combina-
tions. The contacts that these biomolecules engage in, or avoid, are collec-
tively termed molecular interactions. Here, we focus on protein-protein inter-
actions (PPI).

PPIs occur on a spectrum of interface size, binding affinity, and frequency of
occurrence. At one end of this spectrum are large, stable protein complexes
characterized by extensive interaction surfaces and low turnover rates. To-
ward the other end lie transient, dynamic interactions in which shorter se-
quence elements — molecular recognition features (MoRFs), short binding
motifs (SLiMs), or post-translationally modified residues — are recognized by
modular protein domains'?. Transient protein interactions involve smaller
binding interfaces and are much more numerous than the stable interactions',
and they are critical for rapid responses related to cell signaling'. The modular
nature of proteins uses this spectrum of discrete structural units to mediate
specific functions and interactions®.

This thesis will focus on the modular components that contribute to the inter-
actions of human ubiquitin E3 ligases, which are enzymes with a central role
in maintaining cellular proteostasis. Before examining E3 ligase interactions
in detail, the following sections introduce the modular components and the
mechanism that drive molecular recognition.
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Intrinsically disordered regions (IDRs)

A substantial fraction of our proteome is intrinsically disordered, meaning that
they do not fold into stable three-dimensional structures under physiological
conditions. Indeed, around 30% of the eukaryotic proteome contains intrinsi-
cally disordered regions (IDRs) that are longer than 30 residues®. The inability
of IDRs to take well-folded three-dimensional structures under native condi-
tions comes from a sequence composition that is rich in charged and polar
residues and depleted of hydrophobic, core-forming residues’. The inability
to form a structure can be represented by a folding energy landscape with
multiple energy minima®, leading to a heterogeneous ensemble of structures
in which structural state are interconverted a rapid time scale’. Among the
conformations sampled, transient local secondary structures or transient long-
range contacts can occur, depending on the sequence composition of the IDRs.

The balance between positively and negatively charged, and polar amino ac-
ids determines the compaction of IDRs’. IDRs dominated by like-charged
amino acids - polyelectrolytes - adopt large extended conformations (named
swollen coils) due to electrostatic repulsion®. Conversely, IDRs devoid of
charged residues form compact disordered globules’. Finally, the conforma-
tional ensemble of IDRs is also governed by (i) physicochemical parameters
such as temperature, ionic activity, or pH, (ii) macromolecular crowding (iii),
solvent exposure or desiccation, and (iv) post-translational modifications
(PTMs) such as phosphorylation or acetylation'™'". These parameters and
PTMs add regulatory complexity to IDRs and their PPIs'%.

Interaction units in the intrinsically disordered regions

The disordered nature of IDRs enables them to engage with their binding part-
ners through their distinct sequence features. Among these, MoRFs and
SLiMs have been defined'?. MoRFs are 10 to 70 residue segments within
IDRs that transition from disorder to order upon interactions with their bind-
ing partner'®. SLiMs on the other hand are typically 3 to 10 amino acid long
stretches in IDRs serving as binding interfaces for their binding partners'*.
While MoRFs span whole regions, SLiMs are autonomous compact binding
sites that independently mediate interaction. Their small size — only a hand-
ful of mediate interaction in a barcode style — allows SLiM to occur fre-
quently within IDRs. The SLiM-based interactions are central elements of the
wiring of signaling networks, and they are at the core of this thesis.
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SLiMs are commonly recognized by folded modular domains. Well-charac-
terized SLiM binding domains are for instance PDZ domains, Src homology 3
(SH3) domains, and WW domains. These domains occur in different combi-
nations in multidomain proteins, of which some are E3 ligases'>™'®. PDZ do-
mains are best known for binding to C-terminal motifs'. In total, there are
over 250 PDZ domains in over 150 different proteins®’. PDZ domains are for
example found in the E3 ligase LNX?!*2. Similarly, around 300 SH3 domains
are present in roughly 220 proteins®. The SH3 domains recognize proline-
rich motifs**. Lastly, ca. 50 WW domain containing proteins recognize PPxY
motifs, of which there are about 1,500 motif instances in over 1,000 different
proteins®*?*. WW domains are especially prevalent in Homologous to the E6-
AP Carboxyl Terminus (HECT) type E3 ligases within the NEDD4 family?°.
The exact number of SLiMs in the human proteome remains unknown. bio-
informatic prediction estimate more than 100,000 instances'. The Eukaryotic
Linear Motif (ELM) database has around 2,400 instances’ (March 2026). The
Motif Map of the Proteome (MoMaP) has more than 7,100 classified human
SLiM instances™ (March 2026). A subset of SLiM targets E3 ligases to their
substrates for proteasomal degradation, and are therefore called degradation
motifs, or degrons. Much is thus to be learned about the prevalence of SLiMs,
as elaborated in Paper I-IV.

Wild-card residue

Key reSIdue Key residues

N-terminal T Ay C-terminal

flanking region flanking region

Figure 1: Example of a consensus motif representation of a SLiM. Shown is the SLiM
binding to the UHRF1 tandem Tudor (TT) domain (defined in Paper II). Red residues
are the key residues that drive the interaction. A wild-card position, indicated in blue,
be occupied by any amino acid. The motif flanking regions are highlighted in light
green. These positions typically have an amnio acid preference and they fine-tune the
interaction.
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Different types of SLiM-based interactions

SLiM-mediated binding is typically defined by 3-4 key residues (Figure 1)
that drive the interaction by contributing most of the binding free energy.
These key residues are embedded within a context of flanking regions that
modulate accessibility, affinity, and specificity. The folded proteins or protein
domains that bind to SLiMs typically do not change the conformation upon
binding, based on computational analysis of 103 high-resolution crystal struc-
tures of protein-peptide complexes™. Instead, the disordered peptide adapts
itself to the presented surface, in a so-called folding upon binding reaction®*'.
The peptide finds either a large pocket in which the entire peptide settles (a
quarter of the cases), or it follows the knob-hole approach where a side chain
inserts into a hole in the binding pocket®’. Consequential to the folding upon
binding, a given IDR can take distinct folds upon binding to different binding
pockets*, as exemplified by the C-terminal region of p53*°.

In the described coupled folding and binding mechanism, the IDR typically
adopts a defined secondary structure upon binding. However, some bound
IDRs remain conformationally heterogeneous. At the end of this spectrum are
fully disordered complexes®*°, in which both partners remain heterogeneous
even in the bound state. These different modalities highlight the versatility of
SLiM- and IDR-mediated recognition.

Affinity and specificity of SLiM based interactions

Affinity describes the intrinsic strength of a binding interaction®. The inter-
actions between two molecules are not discrete but a continuous spectrum,
where there will always be a bound and an unbound fraction. The simplest
way to describe this interaction is the 1:1 Hill-Langmuir-binding model (Fig-
ure 2) *"3%,

The ratio between the concentrations of the unbound and bound protein and
ligand at equilibrium is denoted as the dissociation constant Kp (see equation
1). The dissociation constant, measured in mol/L, is the inverse of the

A VT k

“P=

Figure 2: Schematic of a 1:1 protein-ligand interaction. The protein P is in green
and the ligand L in blue. The interaction can be modelled by the 1:1 Langmuir-bind-
ing model as depicted to the right.
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association constant K and can also be expressed as the ratio between the
rate constants of dissociation and association (Equation 1).
1 Koy _ [P][L]

Kp = Xa = R E Equation 1

The change in Gibbs free energy upon binding (AG) determines if an interac-
tion is thermodynamically favorable. Favorable reactions have a large nega-
tive energy change AG. The free energy change correlates with the dissocia-
tion constant Kp, universal gas constant R and temperature T (Equation 2)
39,40

AG = RT InKp Equation 2

The free energy change can also be described in the change of enthalpy H and
the change of entropy S (Equation 3). Enthalpy H describes the total energy
of the thermodynamic system (the change in heat and hence the strength of all
individual bonds) *'*'*2, while entropy S describes the change of disorder in
the system, including (1) the release of solvent (water) and ions (solvent en-
tropy or hydrophobic enthalpy), (2) the loss in freedom of conformations by
folding (conformational entropy, especially high in disordered regions), and
(3) the loss of translational and rotational entropy””*.

AG = AH —TAS Equation 3

The affinity of SLiM-based interactions span wide range, from nanomolar to
millimolar * and are often transient**°. Some interactions, such as the inter-
actions between transcriptional co-activator CREB binding protein and its lig-
ands® occur with very high affinity under given cell cycle conditions. Other
interactions, such as those between importin-beta and the gradient of FG re-
peats in the nuclear pore complex occur with very low affinity (mid micromo-
lar to millimolar), which allows the protein to slide through the nuclear
pore*’**. These examples highlight that the affinities of these interactions are
tuned to the functional requirements.

Several features fine-tune affinity and specificity of SLiM-based interac-
tions*. As mentioned, most of the binding energy is coming from docking of
motif key residues (Figure 1). Variation within the tolerated range of the key
residues modulates the affinity. Wild-card residues and flanking regions can
modulate the affinity of the interaction'®. Amino acids variations of the on
these positions may also serve a negative effect, by repelling other proteins
with similar motif-binding preferences. PTMs of the wild-card of flanking
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regions may further tune the affinities of the interactions®*”'. Phosphorylation
sites introduce negative charges, acetylations neutralize charges, methylation
inflates the side chain, ubiquitin prevent interactions altogether™.

Because of their compact size and their few defining amino acid, SLiMs
evolve easily within a single IDR*. Multiple instances enable multivalent
binding. This may lead to increased apparent affinity of the interactions
through allovalency or avidity effects which increase the apparent affinity and
specificity™. Allovalancy can occur when multiple low-affinity SLiM in-
stances within the same IDR compete for engaging the same binding pocket™.
This raises the local concentration of the binding motif. Avidity effects are
typically caused by the binding of two or more SLiMs in a given IDR to mul-
tiple domains in a binding protein. In this case, binding of the first motif in-
creases the local concentration for binding the second motif. Both allovalency
and avidity increase the chance for rebinding before full dissociation of the
103955 For avidity effects, typical examples are arrays of WW do-
3657 as also described in Paper 1.

complex
mains binding to arrays of PPxY motifs

Challenges in computationally identifying bona fide SLiM
ligands

As SLiMs are defined amino acid patterns, it is possible to bioinformatically
scan for additional motif-instances in a given proteome. Dedicated tools have
been developed for this, such as SLiMsearch®. Such scan may find bona fide
ligands. The prediction is not trivial and experience has shown that there will
frequent false positives'*”%°. These false positive can be explained by the
importance of the context (e.g. flanking regions) to binding. As mentioned
above, while the core motif encodes the spatial arrangement of key side chains
and thus provides sequence specificity, the flanking regions may both enhance
and repel potential binders of the key motif sequence'’. The repulsion between
a binding domain and the flanking regions may make interactions so costly
that binding is prevented. The understanding of the requirements of the flank-
ing region for each interaction pair is still limited, and lowers the precision of
SLiM binding predictions'®. By pairing the motif-based searches with Al-
phaFold-based rankings of ligands, the precision may be improved®'. Such
predictions should be combined with experimental testing, for example pep-
tide SPOT arrays as described later and used in Papers I, II, and IV.
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1.2. The E3 ligase machinery

The ubiquitination machinery

Ubiquitination is a PTM that regulates protein stability and function through
the covalent attachment of the small protein ubiquitin to target proteins (Fig-
ure 3). The discovery of the ubiquitin-dependent protein degradation was so
scientifically impactful that Aaron Ciechanover, Avram Hershko, and Irwin
Rose received the Nobel prize in Chemistry in 2004°, Their biochemical in-
vestigations in 1980 created a new field that has transformed our understand-
ing of protein homeostasis.

Ubiquitination is executed by a machinery that comprises the cascade of E1
activating enzymes, E2 conjugating enzymes, E3 ligases®, the 26S pro-
teasome and ubiquitin-binding auxiliary proteins. E3 ligases play a central
role in substrate selection, and thus provide specificity to the system.

Within the within this system, E3 ligases can form larger complexes for target
recognition and regulation. Mechanistically, ubiquitination follows a con-
served enzymatic cascade®. The E1 enzyme is the first enzyme. It uses ATP
to adenylate the C-terminal carboxylate of ubiquitin and then transfers the
ubiquitin moiety onto its own cysteine to form a high energy thioester bond®.
The E2 ubiquitin-conjugating enzyme then accepts the activated ubiquitin on
its cysteine. The final step is catalyzed by the E3 ligase, whose broadest

& Protein homeostasis DNA integrity
o % Proteasomal degradation DNA damage
@ "= % Protein trafficking ~ DNA-replication
(FD) Protein quality control Epigenetic regulation
b Autophagy and mitophagy ) )
< S Cell signalin
— Receptor endocytosis
Cell cycle Stress response
B Transcription
Whnt/B-catenin signaling
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Figure 3: Overview of E3 ligase mediated cellular processes. The signalling in these
processes require the correct ubiquitin chain formation depending on E3 ligase®7!.
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possible definition the ability to recruit an E2-Ub intermediate®®. The defini-
tion encompasses the traditional categories of HECT, RING-Between-RING
(RBR) and Really Interesting New Gene (RING) E3 ligases, but also expands
it to atypical E3 ligases, or catalytically inactive pseudo E3 ligases. HECT and
RBR E3 ligases accept ubiquitin on a cysteine residue, while RING E3 ligases
or atypical E3 ligases work as a scaffolding protein to bring the conjugated
E2-enzyme in proximity to the substrate through adaptor proteins ***’(Figure
4). Hence E3 ligases coordinate substrate specificity.

Beyond targeting substrates for degradation by the ubiquitin—proteasome sys-
tem (UPS), E3 ligases also modulate protein activity, initiate biological sig-
naling cascades, and regulate cellular processes such as cell cycle, develop-
ment, stress response, DNA repair, or apoptosis (Figure 3)**7°. They further
influence intracellular trafficking, and coordinate complex signaling path-
ways''. Many E3 ligases also assemble into complexes such as the linear ubig-
uitin chain assembly (LUBAC) complex’*, the C-Terminal to LisH (CTLH)
complex”®, or the Anaphase-Promoting Complex/Cyclosome (APC/C) com-
plex’™, to provide additional layers of selectivity and regulation. There are also
cooperative E3 ligases where binding of two independent E3 ligases offers
new substrates. The COP1-DET1 E3 ligase complex is one example of such
a cooperative organization’.

The complexity of E3 ligase machinery is further increased by the ability to
ubiquitinate not only lysine but also cysteine, serine, threonine, and tyrosine.
Once a substrate is ubiquitinated, the ubiquitin chain may remain as mon-
oubiquitination moiety, or extend into complex branched polyubiquitin
chains. Finally, there is the post-translational modification of ubiquitin itself,
such as phosphorylation or acetylation. Adding to the functional scope of the
E3 ligase machinery, emerging evidence has shown modifications of lipids as
well as carbohydrates ®*’°. This, however, is outside of the scope of this thesis.
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RING E3 ligases and complex forming RING E3 ligases

RNF41
SH3RF1
STUB1

TRAF4
UHRF1

Adaptor proteins

HECW2 AREL1
NEDD4L HECTD1
SMURF1 HERC1
SMURF2 HERC2
WWP1 UBRS
WWP  HECW1

Auxiliary proteins to the E3 ligases machinery
ATE1
RAD23B

Figure 4: Overview of the classical E3 ligase types and auxiliary proteins to the E3 ligase
machinery with examples from the present thesis®®-¢7-!14,
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The diversity of the ubiquitin code

The regulation of the various ubiquitin-dependent processes relies on accurate
E3 ligase substrate recognition and precise ubiquitin-chain assembly. The va-
riety lies both in terms of which residue of ubiquitin is used to link to next
ubiquitin molecules and the overall chain architecture. All seven lysine resi-
dues and the ubiquitin’s initial methionine can be ubiquitinated to create ex-
tensive chains®’¢. Different linkages are then recognized by distinct ubiqui-
tin-binding proteins. Monoubiquitin typically affects protein localization, ac-
tivity, and interactions, rather than targeting proteins for proteasomal degra-
dation. In homotypic polyubiquitin chains, all ubiquitin molecules are linked
through the same residue, while branched chain polyubiquitination generates
more complex structures. Without going into the details, it can be noted that
polyubiquitination via K48 linked ubiquitination typically signals for pro-
teasomal degradation and M1-linked ubiquitination is associated with signal-
ing and immune response (e.g. the LUBAC complex)®®"%77,

The polyubiquitin chain can further be modified by a set of 100 deubiquiti-
nases (DUBs) remodeling ubiquitin chains by removing ubiquitin moieties
from their substrates’®. How the DUBSs find their substrates, and the extent to
which they engage in SLiM-based interactions has also remained a fairly un-
derexplored topic’®”’, which is also addressed in this thesis (Paper IV).

Adding to the complexity of ubiquitination are the modification on non-lysine
residues (e.g. serines, threonines*’) as well as the combination with other ubiq-
uitin-like proteins (interferon-stimulated gene 15 (ISG15)*', neural precursor
cell-expressed developmentally downregulated protein 8 (NEDD8)* and
small ubiquitin-like modifier (SUMO)**"). PTMs further contribute to the
complexity (phosphorylation®*" or acetylation®).

Together, this combinatorial assembly and editing of ubiquitin molecules
serve as an intricate code for encoding information. With the realization that
there is a code comes additional questions: how are specific ubiquitin signals
generated and interpreted? In the context of this thesis, we focus on the ques-
tion of how E3 ligases interact with other proteins for complex assembly and
potential substrate recognition, but also venture into the SLiM-based interac-
tions of DUBs.
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E3 ligase substrate recognition

One of the remaining mysteries of the E3 ligase machinery is how the esti-
mated 900 E3 ligases® are able to detect their substrates and ligate the correct
ubiquitin-chain on the substrate’.

A prominent, yet not exclusive, strategy is SLiMs-mediated substrate recog-
nition. Note, that degrons are SLiM for UPS degradation and non-degron
SLiM may lead to other ubiquitin-signaling based cellular processes. SLiM-
based recognition includes — among other examples — the seven in absentia
homolog (SIAH) degron PxAxVxP which is recognized by SIAH RING-type
ligases®, while the MDM2-binding motif (FxxxWxx[VIL]", Figure 5) in p53
is recognized by the RING E3 ligase MDM2. The ETGE and DLG motifs are
recognized by the Kelch domain of Keap1°'. Although the established degrons
are well appreciated, many E3 ligases are orphan in respect to their binding
motifs.

In addition to SLiM-based interactions, E3 ligases can recognize substrates
through alternative mechanisms. Some E3 ligases recognize their substrates
by fold-fold interactions (F-box only 4 (FBX04) binding to telomeric repeat
factor 1°%), through a bipartite interface such as in the case of FBXL3-CRY2%.
Heterodimers can also engage with the high-order assembly such as the
RING1B-BMI1 E3 ligase interacting with the whole nucleosome core particle
including the histone octamer and the bound DNA®*. More special cases in-
clude Tripartite motif-containing protein 21 (TRIM21), which recognizes an-
tibody-bound substrates via the Fc region”.

At this stage, our understanding of E3 ligase substrate recognition remains
incomplete. Known degron motifs account for only a fraction of E3 ligase—
substrate interactions, and even for well-studied E3 ligase—substrate pairs, the
motif determinants are often not fully resolved. Many E3 ligases lack clearly
defined SLiM, and the extent of motif-based recognition versus alternative
mechanisms for substrate recognition remains unclear ""*°. The contribution
of flanking regions and PTMs are often still poorly understood'’. Defining the
substrate recognition determinants of E3 ligases is thus one of the main chal-
lenges of the E3 ligase field’”". Understanding of how E3 ligases find their
interacting partners using SLiM-based interactions is a central theme of the
thesis (Paper II and III).
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Structural
Degron type Example representation

UBR box of UBR2 recognizing
N-degron a synthetic N-degron peptide
PDB: 3NY3 - degron in blue

SWIB domain of MDM2
Internal degron  recognizing p53
PDB: 1P22 - degron in red

WD40 domain of FBXW1

Phospho degron recognizing phosphorylated
B-catenin

PDB: 1P22 - degron in green

y B-domain of pVHL binding
Hydroxyporline  to HIF-1a with hydroxylated
degron proline

PDB: 1LM8 - degron in orange

Kelch-domain of KLHDC2

% recognizing phosphorylated
C-degron SELR y
PDB: 6DO3 - degron in blue

Figure 5: Overview of well-studied degrons including their structures. Degrons can
be coded N-terminally, internally and C-terminally. Additionally, degrons can be con-
ditionally regulated through phosphorylation or proline hydroxylation. Other regula-
tory mechanisms have been reported too.

Regulation and affinity of E3 ligase substrate recognition

E3 ligase—substrate relationships are more intricate than a simple one E3—one
degron relationship’'. Binding motifs and degrons are diverse, varying in se-
quence and length, which influences the specificity and affinity. Multiple
suboptimal degrons can collectively contribute to E3 ligase binding'®. The
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following sections outline the biochemical determinants of the E3 ligase—sub-
strate relationship.

Some degrons are regulated to achieve the desired function’' (Figure 5).
Phosphorylation increases the affinity of so-called phosphodegrons such as
those binding the substrate adaptors FBXW1'"' and FBXW7'%%. The opposite
has been reported, where phosphorylation inhibits the interaction. For exam-
ple, phosphorylation of Thr18 prevents MDM2-binding and leads to p53 sta-
bilization'®”. A hydroxyproline-degron is a recognition mode that requires the
conversion of proline to hydroxyproline for oxygen sensing'®*'%. Other ways
to activate degrons involve cofactors (SKP2 requires the cofactor CKS1)'° or
small molecules. Cereblon can recognize neo substrate degrons through bridg-

ing by the small molecule thalidomide'"’.

E3 ligases are known to exhibit low affinities to their substrates'®®. For exam-
ple, the SCF complex recognizes its phosphorylated substrates in the range
between 5 to 100 uM'®. The low and narrow affinity range between E3 lig-
ases and their substrates have functional implications. Firstly, low — yet spe-
cific — affinities are translated by E3 ligases to large covalent signal (com-
pared to smaller PTMs)”'. Secondly, the weak affinities may control the
E3 ligase—substrate residence (E3 ligase processivity)''’, that controls the
length of the ubiquitin chain which is well studied in the APC/C complex''*
'3 Thirdly, the narrow affinity range make E3 ligaes sensitive to small
changes in concentration of their competing ligands, which enables context-
dependent control in respect to cell cycle or tissue expression’"''*!'> Lastly,
E3 ligases have been observed to control proper complex formation''®!'"”,
where they maintain the correct stoichiometry for nascent complexes.

Determining the affinities and affinity ranges of E3 ligase—substrate (or more
broadlyE3 ligase-ligand) binding aids understanding of these effects’"'*72,
Similarly, the dynamic relationship between the E3 ligase and the E2 conju-
gating enzyme control their residence time and the ubiquitin chain for-
mation''*'?! which extends the functional implications of low and narrow
affinity ranges beyond the E3 ligase—substrate relationships. In Papers I, 11,
and III I investigated the affinities of E3 ligases for their ligands. In Paper
IV I focused on the impact of flanking regions on binding affinity.
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Ubiquitination in health and disease

Given their central role in ubiquitin signaling, it is not surprising that defects
in E3 ligase function are associated with disease. An estimated 19 % of all
cancer driver genes are involved in the ubiquitin—proteasome system'%’.
E3 ligase mutations are for example common in neurological diseases'>. Vi-
ruses are also known to hijack the E3 ligase machinery by either motif mim-
icry, rewiring of substrate recognition'**, or introduction of viral E3 ligases.
Finally, dysregulation of TNF receptor-associated factor (TRAF)-family
E3 ligases'” or the LUBAC complex changes the immune and inflammatory

response’ 1%,

The fidelity of ubiquitin chain formation is of key concern for normal cell
function and proteostasis. Consequently, the ubiquitin system has therefore
attracted substantial pharmaceutical interest. Over the last decade, targeted
protein degradation strategies such as proteolysis-targeting chimeras
(PROTACS) and molecular glues have emerged where E3 ligases are used to
selectively degrade target proteins'?’'*°. An improved understanding of the
SLiM-based interactions of E3 ligases and their adaptor proteins will thus not
only contribute to the understanding of cell function, but will also be of im-
portance for potential drug discovery efforts. In this context, the SLiM con-
taining peptides can serve either as scaffold for peptidomimetic ligand design,
or as probes for more traditional inhibitor screening studies.
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1.3. High—throughput methods for interaction and
substrate discovery

High-throughput approaches employ different strategies to scan the human
proteome for interactions. One way is to scan for binary interactions - that is
pair-wise scanning for interactors. One longstanding method Yeast Two-Hy-
brid (Y2H) recognizes the proximity of the transcriptional activation domain
and the DNA-binding domain of regulatory protein GAL4 which are fused to
the proteins of interest'*'. Then there are affinity coupled approaches such as
affinity purification coupled mass spectrometry (AP-MS) which co-isolates
interaction partners from cell lysates and determines the binding partners after

washing steps'*%.

Proximity labelling approaches like proximity-dependent Biotin Identifica-
tion (BioID)'* or ascorbate peroxidase (APEX)"** covalently label proteins in
the proximity of the target proteins. The labeled proteins are then identified
through immunoprecipitation and MS. AlphaScreen (Amplified Luminescent
Proximity Homogenous Assay Screen) is commercial high-through-put ap-
proach based in the Luminescent Oxygen Channeling Immunoassay (LOCI)
by on the channeling of singlet oxygen species from a donor beads (which
contains a photosensitizer) to an acceptor bead (containing a chemilumines-
cent)'**. The beads can be labeled with the respective binding partners. The
singlet has a short travel distance of 200 nm which only exits acceptor beads
in close proximity. AlphaScreens have been used to investigate E3 ligase sub-
strates'*® as well as inhibitors'*’. Recent developments include native mass
spectrometry to examine the substrates recognition in the complexes of full

E3 ligases, alone or in complex with PROTACs"*.

While these high-throughput approaches identify interactions between full
length proteins, they lack the detection of transient and weak interactions
which are the core of SLiM mediated PPI. To overcome these short-comings
we use a proteomic peptide-phage display to search for SLiM-based interac-
tions™*'¥,

Phage display

Phage display was developed in 1985 by George P. Smith'**!*! for which he
received the Nobel prize in Chemistry in 2018. Coupling the genotype with
the phenotype — the displayed peptide or protein — allows biopanning the
binding sites'*. Initially used for the development of antibodies and the
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refinement of epitopes'**, phage-display has a broad range of applications.
One way is to use peptide libraries that present the peptide of interest as fusion
proteins of the different coat proteins of the phage. While combinatorial pep-
tide libraries — libraries that use a random combination of the 20 amino-acids
— can identify biophysically optimal ligands among high sequence diversity,
they do not report on proteomic binding partners'*. Additionally, the results
of selections against combinatorial peptide-phage display libraries are biased

towards overly hydrophobic sequences'*.

To investigate potential biologically relevant binding partners, proteomic
phage peptide display (ProP-PD) was developed**'*. The approach offers the
detection of proteomic binding partners, as the search space is constrained to
sequences from a proteome of interest. In ProP—PD, peptides of the intrinsi-
cally disordered regions are tiled and displayed either on the p3 or p8 coat
protein of the M 13 bacteriophage. While there are only five copies of the mi-
nor coat protein p3, there are 2,700 copies of the major coat protein p8. Using
p8-display enables the investigation of low-affinity, transient interactions
through multivalency'®. Different libraries have been developed for the
ProP—PD platform. The second-generation human disorderome library
(HD2 library) is the largest, displaying all the human disordered regions tiled
in ca. 1 million peptides using an overlap of 12 amino acids*. Other libraries
are Riboviria Viral Disorderome (RiboVD) library, displaying the disordered
regions of RNA-virus proteins'**, phosphomimetic libraries that mimic phos-
phorylated peptides'*, or genetic variation HD2 library (GenVar_HD?2) that
scans the effect of disease mutations'*’.

ProP-PD is easily scalable as a high-throughput method, allowing to pan hun-
dreds of proteins in one experimental set-up. A typical ProP-PD workflow
starts by cloning the oligo pool into the corresponding phagemid backbone
and then creating the actual phage library by electroporation of the library into
Escherichia coli pre-infected with M13KO7 helper phages (Figure 6). Once
the library has been prepared, it is used in biopanning. Purified baits are im-
mobilized and incubated with the phage library. Presenting the phage library
to a negative control, such as glutathione transferase (GST), prior to adding it
to the bait allows the elimination of non-specifically binding peptides. After
the incubation with the baits, non-binding phages are washed off and binding
phages are eluted using exponentially growing Escherichia coli. The addition
of the M13KO7 helper phage enables the construction of full phage particles.
After an overnight incubation, the culture is centrifuged and pasteurized at
60 °C to prepare the phage supernatant for another round of phage selections.
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Binding phages are typically enriched after four rounds of selections using the
HD2 library; other library designs may require fewer or additional rounds.

Through barcoding and pooling, next-generation sequencing of hundreds of
bait-enriched phage pools is performed in one go. Bioinformatic analysis of
the sequences parses the respective binding protein and generates the consen-
sus motif. Results are ranked by confidence, from score 1 to 4, according to
the number of quality criteria each peptide has. The criteria are (I) replicated
peptide in between two or more replicates (II) overlap in displayed peptide,
(III) contains the generated motif, (IV) high normalized peptide count. Me-
dium confidence peptides match two or three criteria, while high-confidence
peptides match all four peptides. The data offers insights at different resolu-
tions. Peptide-bait interactions, which are the individual enriched peptides.
Region bait interactions, which are single peptides or a combination of two or
more overlapping peptides into one. The protein-protein level is the broadest
view, as it collapses all peptides from the same hit protein to one value and
reports on the potential PPIs.
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Figure 6: Overview of a ProP-PD approach and workflow and possible valida-
tions (adapted from Paper II). ProP-PD starts with the preparation of a suitable
phage library. Here we tile all the disordered regions of the human proteome to 16
amino acid long peptides. The peptide coding sequences are cloned into the phagemid
to produce the fusion protein of peptide and coat protein. The phage library is then
presented to immobilized ligands. After four rounds of selections, which encompasses
binding, washing, elution and phage amplification, a phage population is send for next
generation sequencing. The sequences are analysed and the motif bioinformatically
determined*. Necessary validations of the interactions are performed with SPOT ar-
rays'*-130 fluorescence polarization'>! or SIMBA 43153,
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Validation of ProP—PD binders

ProP-PD is a powerful technique to identify peptide binders and SLiMs.
However, although the confidence scoring allows us to infer the probability
of those interactions, validation is needed (Figure 6). While SPOT arrays
semi-quantitatively discriminate between binding and non-binding peptides,
fluorescence polarization (FP) enables us to quantify the affinity between the
binding domain and peptide. Systematic Intracellular Motif-Binding Analysis
(SIMBA)'* is an orthogonal method that allows deep mutational scanning of
peptide-protein interactions and ranks the affinities of a multitude of peptides.
Finally, co-immunoprecipitation (Co-IP) is a cell-based assay to validate the
interaction in the full-length cellular context.

An accessible and scalable approach to validate the peptide-binding is the
peptide SPOT array technology'*'*°, and has been used to assess the pep-
tide-binding within the E3 ligase machinery’®. Peptide arrays are created by
solid phase peptide synthesis on a solid support, typically cellulose. Purified
proteins are presented to these peptides. Binding is then detected by antibody
recognition, typically with chemiluminescence as read out. Besides proteins,
antibodies, serum and cell lysates can be tested for binding. In this thesis, we
use peptides identified by ProP—PD, as well as ligands that we predicted with
the SLiMSearch®® algorithm. We also footprint the motifs through alanine-
scanning, where we mutate each residue of the peptide to alanine, except for
alanines which are mutated to glycine.

FP offers an immobilization-free method to detect interactions and quantify
the affinities between proteins and their ligands''. Using fluorescently la-
beled peptides, such as with fluorescein isothiocyanate, the binding between
peptide and peptide-binding domain can be followed. Polarized light is di-
rected to the fluorescent probe, which — when unbound — rotates rapidly
and emits a depolarized signal. Upon ligand-binding, the bound probe rotates
slower, which leads to an increase in polarization, and this signal change upon
binding can be used to measure the affinity of the interaction. To compare the
affinity between the labeled peptide and other peptides, a labeled-peptide-pro-
tein-complex is formed and then displaced by titration of the unlabeled com-
petitor peptide.

SIMBA is an intracellular yeast-based competitive growth assay to test the
binding between peptide and peptide-binding regions'**. The core of the
method is the pheromone-induced growth arrest in yeast, signaled through the
mitogen-activated protein kinase (MAPK) dependent cascade. Cyclin-
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dependent kinase (CDK) can block the growth arrest by phosphorylating a
protein in the MAPK-dependent signaling pathway. The interaction between
CDK and its target protein is mediated by a SLiM, which leads to a multisite
phosphorylation of the target protein'>*'>*. The phosphorylations inhibit the
interactions with the signaling protein, allowing the cells to grow in presence
of the yeast mating pheromone that induced the growth arrest'>*. Subbanna
and colleagues engineered the system by fusing a foreign peptide-binding do-
main to native yeast cyclin CIn2. Consequentially, they replace the Cln2 dock-
ing motif in the CDK substrate, Ste20%***, with the peptide of interest. The
binding affinity between peptide and peptide-binding domain then correlates
with the growth rate of the yeast clone'>. SIMBA allows deep mutational
scanning of binding peptides for motif refinement and simultaneous affinity
ranking of thousands of peptides.

Co-IP probes the biological context of the PPI of interest. It allows the detec-
tion of direct and indirect (bridged) interactions in the cell'*®. Bait and/or prey
proteins are fused to tags such as yellow fluorescent protein, green fluorescent
protein, FLAG-tag, HA-tag, or Myc-tag'’’. Both constructs are either transi-
ently or stably expressed in mammalian cells. After lysing the cells, the fu-
sion-proteins are purified through affinity chromatography, in small scale.
The purification can be then analyzed by western blots, but also by AP-MS'*®,
The validation of SLiM based interactions through Co-IP becomes challeng-
ing when performing motif-mutant experiments because the interaction can
be multivalently driven by multiple motif instances in the same binding part-
ner. Mutating all the respective instances can be either technically challenging
or expensive.

Global protein stability (GPS) profiling, briefly, is a fluorescence-activated
cell sorting (FACS) approach to test peptides for degradation'”. The core of
GPS profiling is a bicistronic lentiviral reporter, in which the peptide of inter-
est is fused to GFP and cloned together with a second reporter like mCherry.
Both fusion-GFP and mCherry are under the same translational control, ex-
pressed from the same mRNA, either by a self-cleaving peptide design or an
internal ribosome entry site. If the peptide confers a degradation signal, the
GFP-signal in the cell decreases in comparison to the mCherry signal'*’. GPS
profiling is a powerful approach to map degrons, and coupled with CRISPR
screening it allows the identification of E3 ligase—degron pairs'**'*!. GPS pro-
filing has limitations: (i) it cannot reproduce conformational degrons, and (ii)
the peptide-GFP fusion may interfere with the natural context of the degron
— disrupting PTMs, altering E3 ligase binding or making lysines inaccessi-
ble’".
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1.4. Current challenges in E3 ligase research

The field of E3 ligase research has several challenges:

1. Determining which proteins exhibit which E3 ligase activity
Large research efforts go into discovering and categorizing E3 ligases. There
is little overlap between existing E3 ligase databases, recent unified efforts
have begun to consolidate them into a unified E3-ome®. Additionally, the tra-
ditional classification in HECT, RING and RBR E3 ligases is an oversimpli-
fication of the diverse protein landscape that exhibit E3 ligase function®.
Moreover, there are many E3 ligases that remain uncharacterized®®'".

2. Mapping the E3 ligase interactome

Current methods do not capture the full biochemical span of E3 ligase inter-
actions. E3 ligases detect their substrates through different processes. One of
them being SLiM-based interactions which engage in low affinity and transi-
ent interactions with their ligands. Additionally, E3 ligase—substrates relation-
ships are conditional. They depend on subcellular localization, tissue-specific
expression, or condition-dependent expression''*. Functionally, conforma-
tional degrons and PTM dependent degrons are difficult to capture and test
for their degron potency’".

3. Determining the ligand specificity determinants
The E3 ligase ligand specificity determinants are flexible and SLiMs are often
degenerate. Known binding SLiMs have been expanded and or redefined
through biochemical studies'®’". Same binding sites may accommodate dif-
ferent SLiM 07162163 " Additionally, different domains within E3 ligases may

recognize different ligands further increasing complexity'®.

4. Limitations of high-throughput methods
To accurately determine the E3 ligase ligand or substrate relationships, time-
consuming, low-throughput studies have to be employed. Current high-
throughput methods either are unable to accommodate the E3 ligase biochem-
istry, or alter the native recognition scenario’".

5. Determining the ubiquitin chain dependent cellular outcomes
E3 ligases use ubiquitination to signal to other proteins. The ubiquitin code
is multilayered with different chain topologies and modifications, giving dif-
ferent signals. The signaling is further context dependent on the E2-E3 com-
bination”'**, Additional modifications and non-canonical ubiquitination
sites increase the complexity'®. Overall, the systemic understanding of

downstream events is challenging'®"'%®,
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2. Aim of the thesis

The E3 ligase machinery is involved in regulating proteostasis and a multitude
of cellular signaling pathways. A major unresolved question in the field con-
cerns the specificity determinants that target the E3 ligase to substrates and
interactors. As described, many of these interactions are expected to involve
SLiM-mediated interactions. The overarching aim of the research presented
in this thesis is thus to determine the SLiM-binding preferences of members
of the E3 ligase machinery, with a particular emphasis on their modular pep-
tide-binding domains.

Towards this aim |
- investigate the SLiM-based interactions of domains or full-length

proteins of the E3 ligase machinery using ProP—PD (Papers I-III);
- explore the SLiM-based interactions of deubiquitinases (Paper 1V);
- determine the specificity determinants within the ligand IDRs, in-
cluding refining the SLiMs and their flanking regions (Papers I-
Iv);
- biochemically characterize the binding E3 ligase-ligand interfaces
using biophysical methods, modelling, and mutational analysis (Pa-
pers I-II).

In doing so, I substantially expand the SLiM-based interactomes of the E3
ligases and associated proteins and uncover undescribed binding motifs. In a
broader context of motif-biology, I contribute to charting the SLiM-based in-
teractome of the cell.
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3. Outline of the thesis

This thesis follows a thematic structure which I outline below.

To begin, I will elaborate on the expansion of the known ligand repertoire of
E3 ligases and auxiliary proteins. I will illustrate this by using SH3 and WW
domains (Paper I), and the Kelch domains (Paper III). I will also describe
on the SLiM-binding of the ubiquitin-like domain of RAD23B (Paper I).

Next, I will present the discovery of new motifs. Starting with the
B30.2/SPRY domains I explore the shared and domain-specific binding pref-
erences of the novel binding motif of HERC1 alongside the known SLiMs of
SPSB2 and SPSB4. I will then present the new asparagine-rich SLiM recog-
nized by MIB-HERC2 domains (Paper II).

After exploring these new motifs, I present the redefinition of known motifs.
BRCA1 and UHRF1 are known to bind to motifs that depend on PTMs. 1
discovered a phosphomimetic motif that binds to the BRCT domain of
BRCALI. I establish that the TT domain of UHRF1 recognizes a SLiM that —
beyond the known specificity to methylated lysine — binds unmodified lig-
ands. Then I proceed to TRAF4 where I found a new SLiM that engages a
previously reported binding site in the MATH domain. STUBI is a well-es-
tablished E3 ligase that recognizes substrates via its TPR domain in a chaper-
one-dependent manner. While chaperone-independent binding to the TPR has
been reported, I present that the TPR domain of STUBI1 can recognizes an
internal SLiM (Paper II).

I then illustrate the SLiM-mediated interplay between E3 ligases and DUBs.
We were able to describe a SLiM binding to the CTD of RNF41 that deor-
phanizes the interaction between RNF41 and USP8. I also characterize the
RNF41 binding site and the overlap in ligand repertoire between RNF41 and
USPS8 (Paper II). I will also further describe the impact of the flanking re-
gions on the example of the zinc finger-ubiquitin binding protein (zf-UBP)
domain of USP22, particularly peptide length (Paper IV).
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I close by showing how the data can be used to characterize the relationships
within E3 ligase—ligand network. I describe (i) efforts to determine degrons
using GPS profiling, (ii) an approach to SLiM-based ligand prediction, (iii)
how SLiMs can be used to explore multivalency in the E3 ligase—ligand bind-
ing (Paper II).
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4. Findings

4.1. Proteome-wide discovery of ligands

This first section focuses on the expansion of the proteome-wide discovery of
ligands. It elaborates on the peptide-binding of WW domains, SH3 domains,
and Kelch domains. The section finishes with the expansion of the SLiM-me-
diated interactions on E3 ligase—auxiliary proteins such as RAD23B.

Proteome-wide discovery of SLiM-mediated interactions in the
E3ligase machinery

In Papers I-II1, I screened a total of 140 protein domains and selected full-
length proteins of the E3 ligase machinery for SLiM-based interactions using
the HD2 library, which tiles the IDRs of the human proteome. While ProP—
PD by now is an established method for mapping motif-based PPIs with
amino acid resolution*, it had not previously been used to systematically
screen for interactions of the E3 ligase machinery. The combined data resulted
in 11,460 peptide-protein interactions translating into ca. 8,290 putative PPIs.
This can be compared to the data set in the E3-atlas'?’, which contains 12,380
interactions. In the following section I describe highlights from the findings
starting from well-established SLiM-binding domains (e.g. WW and SH3 do-
mains), followed by less explored domains of human E3 ligases.

Expanding the SLiM-based interactomes of SH3 and WW
domains

In Paper I, we explore the SLiM binding of more than 800 protein domains,
thereby vastly expanding the human SLiM-based interactome. Here, we focus
on the SH3 domains from RING E3 ligases, and the WW domains from HECT
E3 ligases respectively. Both SH3 and WW domains are known polyproline
peptide-binding domains, and their consensus binding motifs have been de-
fined in several studies over the last 30 years'® 7. The E3 ligases that harbur
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these domains often have arrays of the domains, which offers possibilities for
avidity effects'"*'™,

SH3 domains typically bind to PxxP motifs'”, which have been further di-
vided into two main classes depending on their orientation. Class I recognizes
the [R/K]xxPxxP motif. Class II recognizes the PxxPx[R/K] motif'"®'”’, In
addition, there are a number of different types of SH3 binding motifs. Here, I
highlight the SH3 domains of the E3 ubiquitin-protein ligases SH3RF1
(POSH) and SH3RF3 (POSH3), which, in addition their E3 ligase function,
serve as scaffolding platforms for the JNK signaling pathway'’®. Our screens
of 1*, 3" and 4™ SH3 domains of SH3RF1 and 3™ SH3 domain of SH3RF3
yielded 944 peptide protein interactions and 649 corresponding PPIs. The con-
sensus motif of these interactions from both SH3-domain-containing proteins
was Px[ALPV]PxR (Figure 7A), as confirmed by alanine-scanning SPOT ar-
rays (Figure 7C). Additionally, we were able to establish 370 new motif in-
stances and determined the affinities for seven ligands, and found them to be
in the 2-400 pM range (Figure 7D), which is typical for SH3-mediated inter-
actions. The identification of hundreds of new motif instances suggests that
SH3RF1 and SH3RF3 SH3 domains function as interaction hubs, where lig-
and binding is likely governed by combinatorial motif recognition.

WW domains commonly recognize the PPxY motif>. WW domains are part
of the domain architecture of many E3 ligases such as NEDD4-like HECT-
type E3 ligases'”. In total, I screened 17 WW domains of E3 ligases. The 1*
WW domain of NEDDA4L1 recognizes the SLiM [PL]PxY (Figure 7B). 1
could detect ca. 3,200 binding peptides that correspond to ca. 1,900 potential
PPIs. While 220 PPIs of the data set have already been reported, we describe
ca. 2,500 new motif instances. Motif co-occurrence analysis from the large-
scale screen in Paper I further showed that PPxY motifs are among the most
frequently co-occurring SLiMs. Notably, these motifs are often spaced at dis-
tances compatible with simultaneous engagement by tandem WW domains,
likely supporting a model of multivalent binding. This is exemplified by the
transmembrane protein PRR7 (proline-rich protein 7), which contains three
closely spaced PPxY motifs, two of which are recognized by WW domains of
HECT-type E3 ligases. Taken together, these findings indicate that PPxY mo-
tifs are not isolated recognition motifs but are often organized into multivalent
assemblies that enable cooperative binding by WW domain arrays. This sug-
gests that substrate recognition by NEDD4-family HECT-type E3 ligases is
driven by motif density and spacing rather than by single high-affinity inter-
actions, consistent with the fairly low affinities of isolated domains and motifs
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In addition, many PPxY motifs appear to be subject to regulation by tyrosine
phosphorylation, suggesting that their binding capacity can be dynamically
modulated. Furthermore, PPxY motifs located in intracellular tails of ion
channels are frequently affected by disease-associated mutations, which are
likely to influence protein internalization, trafficking, and stability.

Taken together, these findings indicate that PPXY motifs are not isolated
recognition motifs but are often organized into multivalent assemblies that
enable cooperative binding by WW domain arrays. This suggests that sub-
strate recognition by NEDD4-family HECT-type E3 ligases is driven by motif
density and spacing rather than by single high-affinity interactions, consistent
with the fairly low affinities of isolated domains and motifs.
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Figure 7: Peptide-binding results of the SH3 domain of SH3RF1 and WW do-
main of NEDD4L1. A) SLiM binding of the 3™ SH3 domain of SHRF1
(Px[ALPV]PxR). B) SLiM binding of the 1% WW domain of NEDD4L1 ([PL]PxY).
C) Alanine scanning peptide SPOT array of the NUAK2 peptide binding to SHRF1
SH3-3. D) FP-based affinity determination of SH3RF1 ligands. # indicates reported
interactions. * denotes only two replicates. ** denotes only 1 replicate. # denotes re-
ported interactions. All other measurements are n = 3.
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Expanding the SLiM-based interactomes of KELCH domains

BTB-Kelch proteins are adaptor proteins to the Cullin-RING E3 ligases com-
plex 3 (CRL3). While the N-terminal BTB domain binds to the cullin-scaf-
fold, the C-terminal Kelch domains recruit the substrates to the E3 ligase com-
plex. Structurally, Kelch domains are composed of five to seven consecutive
repeats that assemble into a PB-propeller, adopting a donut-like structure.
Loops that connect the inner and outer -strands form the top face that accom-
modates the binding peptides'®*'®'. In Paper III we screened 18 BTB-Kelch
domains for their peptide-binding using the HD2 library. This resulted in 572
peptide—domain interactions, corresponding to 498 candidate protein—protein
interactions, of which only 15 had been previously reported. Notably, approx-
imately 30% of the identified peptides contain residues subject to PTMs, sug-
gesting that Kelch-mediated recognition is frequently regulated.

Based on the ligand peptides identified in our screens, we rediscovered the
motifs of KLHL2, KLHL3, KLHL6, KLHL12, and KLHL20 and uncovered
additional motif instances. The motifs rediscovered for KLHL3 and KLHL12
were similar to the motifs annotated in the ELM database”’. For example,
KLHL3'* has been described to bind the motif EXEEXE[AV]DQH, whereas
our data suggest that a simplified core motif, [APV]E[AGS], is sufficient for
binding. Similarly, for KLHL12, the previously defined motif
[PGAIPG[AG]PP'® can be simplified to a core PGI[GSA]P sequence that cap-
tures the essential determinants. These observations indicate that minimal mo-
tif cores are sufficient for engagement, while surrounding residues likely mod-
ulate binding. Our collaborators further investigated that the novel consensus
motifs defined for KLHL21 and KLLHL40, which take extended helical con-
formations upon binding. The results substantiate and expand the SLiM-based
interaction space of the Kelch domain family and uncover unexpected diver-
sity in Kelch domain binding, including the recognition of helical peptide mo-
tifs.

Exploration of peptide-binding for E3 ligase auxiliary proteins

We further expanded our investigation to auxiliary proteins to the E3 ligase
system (Paper I and II). These proteins are included in the term E3 ligase
machinery because they either modify substrates prior to binding E3 ligases
or are involved after ubiquitination. The screens included: the arginyl-tRNA
transferase ATE1 that prepares substrates for degradation in the ubiquitin
pathway through the N-degron pathway'**, the chromo domain of the E3
SUMO-protein ligase CBX4, which interacts with the K9-trimethylated
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histone H3'® to recruit the E3 ligase complex PRC1 to regions of the chro-
matin'®*'® the melanoma-associated antigen (MAGE) domain of melanoma-
associated antigen A4 (MAGEA4), the SOCS-BOX domain of Ras-related
protein Rab-40A-like and the C-terminal domain REV1, and RAD23B. Here,
we highlight the results on the ubiquitin like domain of RAD23B.

RAD23B is a multidomain protein that is involved in nucleotide excision re-
pair (NER), but more importantly, functions as a ubiquitin shuttle factor. In
NER, RAD23B is responsible for protecting the trimeric complex XPC-
HR23B-Centrin-2 (CEN2) from proteasomal degradation'®’. In addition to
the aforementioned function, RAD23B binds to polyubiquitinated substrates
and delivers them to the proteasome'”. The ubiquitin-like (UBL) domain of
RAD23B recruits its ligands through hydrophobic residues, using a defined
motif. It also contacts lysine 48 of ubiquitin, thereby blocking K48 chain elon-
gation'”!. Because of its shuttling role, we investigated RAD23B peptide-
binding capacity in Paper 1. Our screen enriched 24 medium- to high-confi-
dence peptides, translating to 19 putative PPIs. Among the identified PPIs, we
found previously reported interactors: the deubiquitinase USP25'"*!** and the
proteasome regulatory subunit PSMD4 (26S proteasome non-ATPase regula-
tory subunit 4)'°*'>. The enriched peptides also allowed us to confirm the
consensus motif DxxxAIXLSL (Figure 8A). Using the HUWE]""!-13%
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Figure 8: Overview of the data on the UBL domain of RAD23B. A) Consensus
motif based on the ProP-PD derived peptides. B) Alanine-scanning SPOT array to
footprint the motif using the HUWE1'37!-132 peptide. C) FP-based affinity deter-

mination of selected ligands from the ProP-PD selections. # indicates reported
interactions. (n=3)
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peptide we footprinted the motif (Figure 8B). Affinities were found to be in
the 14-100 pM range (Figure 8C). PSMD4 is the interactor with the highest
affinity, and also previously reported'**'*®. From the analysis of the motif
flanking regions, we further see a preference for acid residues on the C-termi-
nal side.

Taken together, these findings refine the binding motif of the RAD23B ubiq-
uitin-like domain binding motif, and show that it engages in interactions with
multiple components of the proteasome and ubiquitin system. SLiM-based
interactions are thus at play in different parts of the machinery.

41



4.2. Description of novel SLiMs of SPRY domains and
MIB-HERC2 domains

B30.2/SPRY domains are known peptide binders'”’, and the motifs of SPSB2
and SPSB4 — SPRY domain-containing SOCS box protein — have been de-
scribed'”®. In the following we illustrate how the B30.2/SPRY domain of
HERCI recognizes a SLiM that resembles the SLiM of SPSB2 and SPSB4.
Additionally, we disclose the SLiM of the MIB-HERC2 domains of MIBI1,
MIB2, HECTDI1 and HERCI1. These domains show a strong preference to
asparagine-rich motifs, which is reflected in their SLiM.

Shared and domain-specific binding preferences of B30.2/SPRY
domains

There are about 100 human B30.2/SPRY containing proteins that are associ-
ated with different pathways, including innate and adaptive immunity'®”. As
part of different E3 ligases they contribute to substrate binding. The domain
is especially common in TRIM E3 ligases, where around half of the family
members contain a B30.2/SPRY domain'®’, but they are also found in other
E3 ligases, such as the SPRY domain-containing SOCS box proteins
(SPSBs)*™, and the CTLH-adaptor proteins Ran-binding protein 9
(RANBP9)*" and Ran-binding protein 10 (RANBP10)**. B30.2/SPRY do-
mains have a fairly low sequence similarity except for the regions that fold
into the B-sheet motif>™. The B-sheet motif offers a rigid, pre-formed pocket
on the concave side of the sheet’®?®. This binding-site topology has been
compared to the complementarity-determining regions (CDRs) of antibod-
ies”. The Drosophila ortholog of the human SPSB protein family, Gustavus,
has been shown to bind to the DINNN-containing peptide from the protein
VASA with nanomolar affinity””. Nevertheless, for most B30.2/SPRY do-
mains it has not been established if they bind to peptides, and if so, what the
SLiMs are?*,

In Paper II we systematically explored the peptide-binding ability of 20
B30.2/SPRY domains. The collection comprises domains from 12 TRIM do-
mains, three CULS substrate adaptors (SPSB2, SPSB3 and SPSB4), as well
as the CTLH adaptors RANBP9 and RANBP10, and three RING-finger-type
E3 ligases. Most of them did not enrich high-confidence ligands, which may
suggest that their main function is not SLiM binding. However, the domains
SPSB2, SPSB4, and HERC1 enriched high-confidence peptides that could be
used to determine a motif (Figure 9A-C). For the SPSB2 and SPSB4 SPRY
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domains, the selections enriched asparagine-rich peptides, as expected from
the previous knowledge on the VASA peptide. Additionally, the SPSB4
SPRY domain required an aspartic acid N-terminal to the central asparagine,
just as described in the Gustavus-VASA interaction. Besides 17 previously
reported PPI, we expanded the SPSB-binding repertoire with 320 potential
interactions for SPSB2, SPSB3 and SPSB4 together. The ligand set of SPSB2
and SPSB4 SPRY overlap with 73 peptides, implying a redundancy in the
substrate recognition of the CULS complex (Figure 9D). In contrast, HERC1
and SPSB4 share only one ligand, PECAMI1 (Figure 9D). Using FP, we con-
firmed nanomolar affinities of endogenous ligands of SPSB4 (Figure 9G).

In our screen of B30.2/SPRY domains, the SPRY domain of HERC1 emerged
as a previously unrecognized peptide-binding module. HERC1 selected a dis-
tinct set of ligands with limited overlap with the SPSB2/4 domains, consistent
with its low sequence identity with other domains. Modeling and mutational
analysis indicated that HERC1 engages its ligands through the same general
surface region as SPSB2/4 proteins (Figure 9E-F), but employs different
binding loops and sequence determinants. Affinity measurements showed that
HERCI1 binds its ligands with micromolar affinity, with a peptide derived
from DLEUI displaying the highest affinity (Kp= 14 uM), and additional lig-
ands from PECAMI1, HECWI1, and ZNF507 binding in the range of 59—
190 uM (Figure 9H). Notably, the HERC1 motif includes a histidine residue
that appears to interact with a negatively charged patch of the domain. Con-
sistent with this, binding was found to be pH-dependent, with an affinity op-
timum around pH 7.2, suggesting that ligand recognition may be modulated
by local conditions. Finally, motif-guided prediction followed by SPOT vali-
dation confirmed additional ligands, demonstrating that the defined HERCI1
SPRY motif has predictive power.

Together, these findings identify HERC1 as a motif-binding E3 ligase and
show that SPRY domains have diversified ligand recognition while maintain-
ing binding of asparagine-containing peptides. This expands the scope of
SLiM-based recognition within the E3 ligase machinery and highlights how
specificity can arise from variations within a shared fold, which is similar to
findings on other large domain families such as WW, SH3 and PDZ domains.
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Figure 9: Overview of the SLiM binding of the SPRY domains in Paper II. A)
Consensus motif of SPSB2: NNN. B) Consensus motif of SPSB2: DxXN[NGS]N. C)
Consensus motif of HERC1: HNx[DE]. D) Overlap of SPRY domain binding peptides
in the selections of HERC1, SPSB2, and SPSB4. E) Multiple sequence alignment of
the SPRY domains of HERC1, SPSB4 and SPSB2. with the indication of the second-
ary structure elements of HERC1. Taupe arrows indicate beta-strands and grey-purple
rectangles indicate loops or turns. Highlighted residues are conserved among the do-
mains. Red dots indicate binding sites as identified by ColabFold or AlphaFold pre-
dictions. Underlined residues indicate mutants for binding site determination. Red
cursive residues indicate binding regions. F) Alignment of the AlphaFold3 prediction
of HEY (olive green) and the SPRY domain of SPSB2 with the VASA peptide (gold,
PDB: 3F20), the iNOS peptide (brown, PDB: 6KEY) and the ColabFold prediction
of HERC1-SPRY domain binding to DLEU1%*%* peptide (purple). E) FP-based affin-
ity determination of SPSB4 ligands. F) FP-based affinity determination of HERC1
ligands. Affinity measurements are in triplicates. * denotes reported interactions.
Adapted from Paper II

The MIB-HERC?2 domains also bind asparagine-rich sequences

In Paper II we further explored the peptide-binding capacity of the MIB-
HERC2 domains. MIB-HERC2 domains appear in four E3 ligases: MIBI,
MIB2, HECTD1, HERC2. Structurally, the MIB domains assume a fold sim-
ilar to the SH3 domains. Both domains adopt a five-stranded antiparallel
twisted B-sheet fold'®** (Figure 10A). MIB1 and MIB2 are RING E3 ligases
of similar domain architecture. Both contain tandem MIB-HERC2 domains,
followed by the REP (tandem MIB-repeat) domain'®, 9 ankyrin repeats and
the RING domains. HECTD1 and HERC2 belong to the class of HECT
E3 ligases. Their immense size — HECTD1 has ca. 2,610 amino acids and
HERC?2 ca. 4,830 amino acids — offers space for many more domains (Fig-
ure 10B). And all domains share sequence identity, particularly at one of the
binding sites (HECTD1 GIn1291, Figure 10C).

MIB proteins were first discovered in 2003 by Itoh and colleagues as an E3
ligase ubiquitinating Delta-like and Jagged, which are ligands to the Notch
signaling pathway**®. MIB1 ubiquitination leads to ligand internalization. Pre-
vious work on MIB1 illustrated a bipartite substrate recognition mechanism
using the tandem MIB-HERC2 domain'®. It has also been speculated that
HECTDI1 and HERC?2 use their other domains for a similar binding mecha-
nism””>, MacMillan and colleagues established that N-box-containing pep-
tides are able to bind to MIB-HERC2 domains. Our selections enriched aspar-
agine-containing peptides that resulted into SLiM, similar to, but distinct from
the motifs found for the SPRY domains. When modelling the found peptides
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Figure 10: MIB-HERC2 domain contain E3 ligases. A) Structural alignment of a
crystal structure of the 1% SH3 domain of SH3RF1 (red, pdb: 7NZC) and the Al-
phaFold3 model of MIB-HERC2 domain of HECTDI (teal). B) Domain architecture
of the MIB-HERC2 domain containing E3 ligases in this study. C) Multiple sequence
alignment of the MIB-HERC2 domains. Taupe arrows indicate beta-strands and grey-
purple rectangles indicate loops or turns. Highlighted residues are conserved among
the domains. Red dots indicate binding sites as identified by or AlphaFold predictions.
D) Alignment of AlphaFold3 model of ProP—PD peptides to MIB-HERC2 domain of
HECTDI. The MIBI1 peptide ALX1 is in green. The MIB2 peptide AKAP2 is in cyan.
The HECT1 peptide MYO3A is in purple. The HERC2 peptide ZNF148 is in gold. E)
FP-based affinity determination of HECTDI ligands (n = 3). Followed by MIB-
HERC?2 binding motifs of MIB1 (F), MIB2 (G), HECTD1 (H) and HERC2 (I). Motif
footprinting of (J) MIB1 binding motif and (k) HECDT1 binding motif. Peptide SPOT
array analysis of MIB1 binding peptides (J-M) and HECTD1 binding peptide (N-O).
Adapted from Paper II.

to their respective domains, we found that the models converge in the same
site (Figure 10D). FP-based affinity measurements allowed us to determine
the affinity range of the HECTDI1 peptides to be between 34 and 188 uM
(Figure 10E). Subsequent mutational analysis of the binding site confirmed
the importance of GIn1291 in peptide-binding. While the interactions appear
anchored by the asparagine, specificity is provided by the neighboring resi-
dues that also form part of the motif (Figure 10F-I). While alanine-scanning
SPOT arrays confirmed the importance of the key residues (Figure 10J-K),
differentially mutating the distinctive residues of the MIB1 motif (the ali-
phatic residue) and HECTD1 motif (basic residues) shows only a limited dis-
ruptive effect on the interaction (Figure 10L-0O). This observation underlines
the importance of the asparagine in the motif and the physicochemical affinity
contribution of the flanking region.

In summary, I defined a conserved MIB-HERC?2 peptide-binding surface that
recognizes an anchor asparagine within a distinct sequence context. Whether
and how the other domains of the MIB-HERC2-containing E3 ligases con-
tribute to ligand binding remain to be elucidated.
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4.3. Redefining binding motifs

Our investigation broadened and redefined binding specificity determinants
and established new motifs. The following work ranges from PTM-dependent
interactions to novel SLiMs recognized by established motif binders.

BRCAI is able to bind non-phosphorylated ligands and its
hetero-dimerization partner BARD1 binds peptides too

BRCAI is a heterodimeric RING E3 ligase that dimerizes with BRCA1-asso-
ciated RING domain protein 1 (BARD1). While both E3 ligases are not ro-
bustly catalytically active, the BRCA1-BARD1 E3 ligase complex is func-
tional?”’. The complex is reported to monoubiquitinate histone H2A at DNA
damage sites?®. It is involved in homologous recombination’”, DNA check-
point signaling”'®*"!| chromatin recruitment through the IDR of the BRCA1-
BARDI complex'?. The complex is known to create K6*'* and K48%'* ubig-
uitin chains, which are here non-degradative.

In 2003, Manke ef al. and Yu et al. describe how the BRCT domain recognizes
the phosphoserine motif pSxxF?'>*'°. The phosphoserine is recognized by a
positively charged pocket, while phenylalanine inserts into a hydrophobic
cleft. BARD1 on the other hand recognizes unmethylated histone H4 with its
ankyrin repeats®'’. The detection of unmethylated H4 is important to target
the complex to newly deposited histones, to use the sister chromatid as tem-
plate for homologous recombination. Additionally, the same domain recog-
nizes ubiquitinated histone H2A at lysine 15. Ubiquitination signals the DNA
damage response signaling cascade. Through their heterodimeric-assembly,
both E3 ligases harness multivalency to target histones for the DNA damage
response and DNA repair functionality®.

We included both the BRCT domain of BRCA1 and the ankyrin repeat con-
taining domain of BARDI1 in our investigations. Our binding peptides to
BRCAI refined the phosphomimetic motif ExxF (Figure 11A, where a glu-
tamic acid mimics the negative charge of phosphorylated serine. Through
SPOT arrays we can confirm the binding of the BRCT domain to the phos-
phomimetic motif (Figure 11B). Unsurprisingly, the binding affinity of the
phosphorylated ACACA peptide showed a nanomolar affinity, while a non-
modified peptide of AIRE>'®** has an estimated binding affinity of around
100 uM (Figure 11C). The ankyrin repeat containing domain of BARDI1
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enriched instead peptides displaying a putative consensus motif LXxER (Fig-
ure 11D). The binding and the motif determinants of this putative motif needs
to be further assessed. While we were unable to perform follow up experi-
ments for the BARDI1 ankyrin repeat binding due to time constraints, it is
interesting to note that we found two overlapping putative PPIs between
BARDI1 and BRCA1 from our ProP-PD data: Zinc finger protein GLI2
(GLI2) and DAZ-associated protein 2 (DAZAP2) (Figure 11E). GLI2 is a
zinc-finger transcription factor for the hedgehog pathway®'®. DAZAP2 is a
proline rich adaptor in Wnt signaling and the transforming growth factor
(TGF)-B signaling through modulating transcription factor 4’s (TCF4) DNA-
binding affinity”’’. When we expand the potential binding repertoire by
searching for SLiM containing proteins with the discovered motifs of BRCAL1
and BARDI1 we find 30 overlapping proteins (Figure 11F).

In conclusion, the discovered motifs offer a new perspective on the BRCA1-
BARDI1 complex recognition®'?. The new motifs could broaden the function-
ality of the complex upon DNA damage or through the histone binding. The
complex may send the new ligands for degradation if their concentrations in
the nucleus exceed a threshold. Ubiquitination of transcription factors poten-
tially increase their chromatin residence time as it has been shown in different
cases™"**!,
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Figure 11: Data overview of the heterodimeric E3 ligases BRCA1 and
BARDI1. A) PSSM representation of the SLiM binding to the BRCT domain of
BRCAI1 (ExxF). B) Peptide SPOT array of found ProP—PD peptides to the BRCT
domain of BRCAL1. C) FP based affinity measurements of a phosphorylated lig-
and ACACA and the ProP-PD ligand AIRE. D) A) PSSM representation of the
putative binding to the ANK domain of BABRD1 (LXER). E) Venn diagram of
ProP-PD ligands binding to the domains of interest of BARD1 (ANK) and
BRCAL1 (BRCT). F) Venn diagram of predicted ligands using SLiMsearch4 and
the motifs of BARDI and BRCAI. Affinity measurements are in triplicates.
Adapted from Paper II.
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UHRFI1, a methyl-lysine reader and E3 ligase, recognizes a non-
methylated SLiM

Just like the BARD1-BRCA1-complex, UHRF1 is a multidomain E3 ligase
that is responsible for the maintenance of DNA methylation. Its TT domain is
reported to recognize methylated substrates such as the Histone H3 (H3, meth-
ylated on lysine 9). To harness multivalency, the plant homeodomain (PH do-
main) of UHRF1 further contacts the unmodified N-terminal residues Alal,
Arg2 and Lys4 **2. This interaction is required for the epigenetic inheritance
of DNA methylation’”. UHRF]1 is also reported to bind to the methylated
DNA ligase LIG1 (LIG1) with nanomolar affinity***.

Our data of the TT domain showed binding determinants beyond methylation.
46 medium to high confidence peptides were enriched from the ProP—PD se-
lections, many of which containing a RXTA consensus motif (Figure 12A).
Comparison with the LIG1 peptide reveals that it in fact contains the motif
upstream to the methylation site, in contrast to the H3*'* peptide that only
partially contains the motif (Figure 12C). FP-based affinity determination
showed that the affinity of methylated LIG1 and H3 to be in the nM and
low uM range respectively. Having the methylation in addition to the motif
makes a 1,200-fold affinity difference for the LIG1'""'*® peptide according to
the literature®®*, while we find that the unmethylated H3*'? peptide is not able
to bind. In contrast, some of the unmethylated RxXTA containing ligands such
as the ARID1A peptide bind UHRF1 with comparable affinities to the meth-
ylated H3 peptide (Kp values in the range of 26 to 250 uM). The arginine at
the first position of the motif is essential for binding, as mutating it disrupts
the interactions (Figure 12B, D). These results suggest that UHRF1 recogni-
tion is not exclusively dependent on methylation. The RxTA motif contrib-
uted to binding, either independently or in combination with methylation,
which may have potential implications for how the proteins engages both ca-
nonical and non-canonical targets in the context of DNA methylation mainte-
nance.
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Figure 12: Overview of the Data of UHRF1 and TRAF4. A) PSSM representation
of the SLiM binding the TT domain of UHRF1 (RxTA). B) FP-based affinity deter-
mination of binding ligands and investigation of the effect of histone H3 methylation,
data in C. C) Affinity data of FP experiments from B and D. D) FP-based analysis of
the affinity contribution of key residues and flanking resides. E) PSSM representation
of the SLiM of the MATH domain of TRAF4 (JAP]xGQ). F) FP-based affinity deter-
mination of the ProP-PD ligands AKAP12 and FOXL1 (n=2. G) Motif footprinting
with a SPOT array of the AKAP12 peptide (n=2). I) AlphaFold3 predictions of the
AKAPI12 peptide (blue) binding to TRAF4 (grey). The backbone of A1626 binds with
hydrogen bonds to the sidechain of Asn355 E) AlphaFold3 Structural alignment of
the Aflafold3 prediction of AKAPSL!92%-183 (blue) binding to the MATH domain of
TRAF4 and the crystal structure of EGFR!%%-1207 (green, pdb: 9OLB). Adapted from
Paper II.

52



The SLiM-binder TRAF4 recognizes an undiscovered SLiM

TRAF4, like other TRAF-family members, has been reported to be involved
in immune signaling by inhibiting NOD2-induced NF-kB activation and re-
stricting IL-17-mediated signaling”***®. Additionally, TRAF4 is also in-
volved in development and morphogenesis, cell polarization - together with
the HECT E3 ligase SMURF1?%" - and in the integrity of tight junctions?®.
Other TRAF family members (TRAF2, TRAF3, and TRAF5) have been re-
ported to recognize a major (P/S/A/T)x(Q/E)E motif and a minor (PxQxxD)
motif’®. In contrast, in 2017 Kim and colleagues described that the TRAF4
MATH domain bind to a RLxA based on co-crystallization of a GPIbp1'""-!*!
peptide””.

We included the MATH domain of TRAF4 in our analysis. Our ProP-PD se-
lections enriched 276 peptides, potentially binding to 206 binding partners.
From the peptides we were able to generate the motif [AP]xGQ (Figure 12E).
Alanine SPOT array scanning confirmed the influence of the motif key resi-
dues (Figure 12G). FP-based affinity measurement showed an affinity in the
10 uM range (Figure 12F). Our AlphaFold predictions indicate that the do-
main residues Asn355 mediate the interaction and that the modelled
AKAP12'%1%19% peptide binds into the same binding pocket as the published
GPIbB1'""8! peptide (Figure 12H-I). Site-directed mutagenesis of the bind-
ing domain verified that our [AP]xGQ containing peptides binds in the same
binding pocket. In conclusion, we find that the general consensus binding mo-
tif of TRAF4 MATH domain is a [AP]xGQ motif, which binds to the same
pocket as the previously described ligand.

Another E3 ligase with well-established ligand binding is the E3 ubiquitin-
protein ligase CHIP (STUBI1). Binding to chaperones it sends misfolded pro-
teins for degradation. In the next section I describe how using ProP-PD we
refine the STUBI tetratricopeptide repeat (TPR)-domain binding motif.
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Beyond its HSP-client nature, STUB1 binds also to internal
SLiM

STUBI is a prominent E3 ligase because of its interactions with HSP70**' and
HSP90*. Dimeric STUBI recognizes through its TPR domains the C-termi-
nal tail of HSP70 or HSP90 respectively®'*. The hydrophobic pocket of the
TPR domain accommodates the C-terminal (I/M)EEVD motif present in
HSP70 and HSP90*****, While binding to the chaperones, STUB1 does not
recognize substrates itself, but uses the chaperones as substrate adaptors™*>%,
In this configuration it degrades misfolded proteins that the chaperones can
no longer refold. STUBI has also been reported to bind to latent C-terminals
revealed by caspase activity”*®. Additionally, the TPR-domains has been re-
ported to bind a macrocyclic peptide with a CCIWC motif**’. It has also been

suggested to bind tryptophan containing alpha-helical peptides®®.

Through our screen, we uncover that the TPR domain of STUBI is able to
bind to internal proteomic peptides through its reported binding pocket. Anal-
ysis of the bound peptide defined the consensus motif [SD]IW[PV] (Fig-
ure 13A). We confirmed the binding site through site-directed mutagenesis
of residues suggested to be important for binding based on AlphaFold3 pre-
dictions, foot-printed the motif through alanine-scanning SPOT arrays, and
determined that the affinities of the interactions are ranging from 6 to 222 pM
by FP (Figure 13B,E).

To assess these interactions in a cellular context, co-immunoprecipitation ex-
periments were performed using GFP-tagged ligands. FLAG-STUBI co-pre-
cipitated three out of four target proteins (RNA-binding E3 ubiquitin-protein
ligase MEX3C (MEX3C), transcription factor E2a (TCF3), and hematopoiet-
ically-expressed homeobox protein HHEX (HHEX), but not with homeobox
protein OTX2 (OTX2). Mutation of motif residues (e.g., TCF3 Y340A and
HHEX W127A) reduced, binding confirming the functional relevance of the
identified motifs (Figure 13F-G).

Together, my findings demonstrate that the STUB1 TPR domain is not re-
stricted to canonical C-terminal EEVD motifs, but can also recognize internal
proteomic sequences through a hydrophobic core motif. This expands the sub-
strate-recognition landscape of STUBI1 and suggests that it may directly en-
gage a broader set of proteins beyond chaperone-mediated interactions.
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Figure 13: Overview of the data on the TPR domain of STUB1 A) PSSM repre-
sentation of the STUB1 TPR binding motif ([SD]JIW[PV]). B) FP-based affinity de-
termination of Pro-PD ligands. C) Alanine-scanning SPOT array for motif printing
using the PIK3CB peptide (n=2). D) AlphaFold3 model of the OTX2 peptide (brown)
and the binding domain resides of STUBI1 (yellow) as used for domain mutants in E.
E) Affinity determination of SUTB1 domain mutants. F) Western blot of GFP-based
co-immunoprecipitation, capturing full-length GFP-tagged ligands and precipitating
full-length FLAG-tagged STUBI (n=3). * indicates reported interactions. G) TCF3-
mutant binding to STUBI in the experiment of F with their GFP-normalized signal.

Significance was determined by a two tailed t-test. Adapted from Paper 11
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4.4. Interplay between SLiMs binding to E3 ligases and
DUBs

The interplay of E3 ligases and DUBs has been established””**°. However, the
exact mechanism and determinants of these interactions remain elusive. In
this section we illustrate how SLiMs mediate the interaction between writer
(E3 ligase) and eraser (DUB).

Defining a RNF41 binding motif and uncovering competition
between the E3 ligase and the DUB USP8

The RING-type E3 ligase RNF41 was described in 2002 to degrade the recep-
tor tyrosine-protein kinase erbB-3 (ERBB3) in the proteasome*****!. The
US8-interacting domain of RNF41 binds to the intracellular domain of
ERBB3 to recruit it for the catalytic N-terminal RING domain®*?. RNF41 has
been many reported functions: it influences MAPK**, PI3K (phosphatidylin-
ositol 3-kinase)/Akt, and phospholipase C gamma (PLCy)****** signaling
pathways through degrading ERBB3. It interacts with Tyrosine-protein kinase
JAK?2-associated cytokine-receptor complexes®*®, and regulate the innate im-
munity and Toll-Like Receptor signaling through ubiquitinating MyD88>*’.
RNF41 is also involved in antigen cross-representation through ubiquitinating
the extracellular domains of the dendritic cell receptor CLEC9A (C-type lec-
tin domain family 9 member A), endosomal sorting through the endosomal
sorting complexes required for transport-0 (ESCRT-0) complex****. It in-
duces apoptosis through degradation of E3 ligase BIRC6 (Baculoviral IAP
Repeat-Containing protein 6) that inhibits apoptosis®’, triggers mitophagy by
Parkin degradation®"*>2,

Most important to RNF41 function are its interactions with the deubiquitinase
USPS (Ubiquitin carboxyl-terminal hydrolase). RNF41 is inherently unstable
because its RING domain autoubiquitinates®®’. Catalytically inactive USP8
leads to inactivation of RNF41%**, The MIT domain is a well-known peptide
binder’®, which binds to the USP8-interacting motif of RNF41%**, Additional
contacts between USP8 and RNF41 are made through RNF41’s C-terminal
(CTD) USP8-interacting domain®**.

The rhodanese domain of USP8 was recently found to bind to peptide lig-
ands’. Intriguingly, the RNF41 CTD was also recently shown to bind to an
IDR, although the motif determinants were not disclosed*”. These reports led
us to examine the peptide-binding capacity of the CTD of RNF41 in ProP—
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Figure 14: Overview of the data on RNF41.A) PSSM representation of the RNF41
CTD binding motif ([ST]DxxK). C) FP-based affinity determination of ProP-PD lig-
ands. Kp values are in D. F) FP measurements to qualify the effect of domain mutants
to the binding of USP8%33-4¢_ Affinity measurements are in triplicates. D) Overview
of ProP-PD ligands and their affinities from C. E) AlphaFold3 models of the RNF41-
USBS interaction to identify the interaction driving resides. While domain residues
Ser219 and Arg265 engage with the sidechains of the peptide, the residues Gly215
and Met217 engage with backbone interactions. Affinity measurements are in tripli-
cates. * indicates reported interactions. Adapted from Paper 11

PD. Using the HD2 library we enriched 25 medium to high confidence pep-
tides that correspond to 22 putative PPIs. Eight of these PPI have been re-
ported before, notably the BIRC6>° and USP8%**, but also the interaction with
HOMER2%%?*® and KDM3B****’. The peptides defined the binding motif
[ST]DxxK (Figure 14A). We proceeded to footprinting the motif through al-
anine-scanning SPOT arrays (Figure 14B), and recorded affinities through FP
(Figure 14C). The alanine-scanning SPOT arrays confirmed the key residues
of the motif. The affinities of the peptides to RNF41 range from ca. 2 uM
(USP8*¥47) t0 231 uM (BIRC6*°">***), The AlphaFold 3 models suggest the
recognition of side-chain interactions between Ser219-K462 and Arg265—
D459 (Figure 14E, the three-letter-codes denote the domain residues, while
the one-letter-codes represent the peptide). Through site-directed mutagenesis
we could determine that Ser219 is critical for the binding affinity, since mu-
tating this residue completely disrupts the binding. We additionally predicted
40 RNF41-binding peptides using the defined consensus motif and tested
them with SPOT arrays. 16 of these peptides bound to RNF41, including a
second BIRC6*°'-2 peptide that was not discovered through ProP—PD.
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Intrigued by the partial similarities between the recently defined USPS8
rhodanese binding motif and the newly defined RNF41 CTD binding motif,
we tested the cross-reactivity of the interactions, and found a partial overlap.
This suggests that the E3 ligase and the DUB may compete for subsets of
binding partners, thus adding complexity to the interplay between the two en-
zymes and highlighting the importance of knowing the SLiMs of both E3 lig-
ases and DUBs.

DUBs also use SLiMs for ligand recognition

In Paper IV we further investigated the SLiM-binding of the auxiliary do-
mains of DUBs and found that several of them bind to SLiMs. Here, we focus
on one case, the zinc finger-ubiquitin binding protein (zf-UBP) domain of
USP22. USP22 promotes cancer progression”*>*’, and interacts with histone
substrates as a component of the SAGA (Spt-Ada-GenS acetyltransferase)
complex, as well as other non-histone substrates**' %, Screening the zf-UBP
domain of USP22 in ProP-PD revealed five peptide ligands. The
ATXN7L1°* peptide was the most relevant as it provides the binding site of
the deubiquitination module of the SAGA complex”***%*. The binding motif
was footprinted with SPOT arrays to be FLGxPWxxW. We determined the
affinities using FP. The ProP-PD-sourced peptide ATXN7L1°*? displayed
an affinity of 11 uM. From AlphaFold3 modelling we noted that a longer pep-
tide resulted in a higher confidence model. Consistently, we found that ex-
panding the peptide by five amino acids on the C-terminal side (ATXN7L1°*
°7) increased binding affinity to 0.10 uM. The same drastic increase could be
observed for the ATXN7L2 peptide (Figure 15). Here, the extended flanking
region has a large impact on binding affinity, besides the motif residues.
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Figure 15: FP-based affinity determination of the ATXN7%1%5 ATXN7L136-52 and
ATXN7L2!734 peptides. To investigate the impact of the flanking regions to the ap-
parent affinity we extended the peptides of ATXN7L1 and ATXN7L2 C-terminally.

58



4.5. Additional analyses

We can use the discovered SLiM and interactions to further explore the E3
ligase machinery. Three approaches are illustrated below.

A global protein stability profiling appraoch did not explain the
degron nature of our ligands

Global protein stability (GPS) profiling is an established method to determine
the degradation potential'**~'¢"2°¢27 Naturally, we tried to determine the
degron propensity of our dataset. For that, I, with the support of my collabo-
rators, created a lentiviral library, consisting of 3,829 peptides including their
internal replicates - using different codons - as well as known degrons (posi-
tive controls), and mutated and reversed sequences of the same degrons (neg-
ative controls). The library was N-terminally fused to eGFP, connected by a
14-amino-acid long linker. The peptide-eGFP fusion protein was in turn fused
to mCherry, linked by the self-cleaving P2A peptide sequence. HEK cells
were infected with the lentiviral library and then sorted in eight bins using
FACS, based on the fluorescent ratio of eGFP and mCherry in each cell. A
low ratio indicates the instability of the peptide-eGFP fusion protein, where
as a high ratio indicating the stability of the fusion protein.

After analyzing the peptide sequences, we could determine the distribution
within the bins and calculate the protein stability index (PSI). The data showed
that there was no significant differences between the positive controls (known
degrons) and the negative controls (mutated degrons) as indicated by the PSI.
Our approach to determine the degron potential of our peptides failed to gen-
erate conclusive data. This underlines the challenges in discovering degrons.

Determining SLiMs enables ligand prediction

A major strength of SLiM-based interaction analysis is that the identification
of a binding motif enables prediction of additional ligands. Because SLiMs
are autonomous sequence patterns that independently mediate interaction,
they can be used to predict additional ligands. We defined the SLiMs based
on ProP-PD data, alanine-scanning peptide arrays and SIMBA-based deep
mutational scanning of the ligands of E3 ligases RNF31, RNF41, STUBI, and
SPSB4. Having defined the consensus motifs, we searched the IDRs using
SLiMSearch4’®. We then narrowed down our selection using predicted lig-
ands from UbiBrowser2?®®. Focusing on putative degrons, we overlaid the
SLiMSearch4 results with a proteome-wide map of short-lived proteins®®’.
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Having determined potential binding peptides, we had them synthesized on
cellulose membranes with the SPOT technology and then tested them for
binding.

Using this strategy, the ligand repertoires of HERC1, RNF41, STUBI, and
TRAF4 were expanded beyond the initial phage-display selections (Paper II).
Of 80 tested interactions 34 were validated. This combined computational and
experimental workflow demonstrates that the generated SLiM information is
predictive, and provides a path toward systematic expansion of E3 ligase in-
teraction networks. These results underline the balance between key residues
and flanking regions. The key residues drive the interaction, and the flanking
region modulates the peptide acceptance.

SLiM scanning of identified ligands enables us to explore
multivalency that may increase the binding potential

E3 ligases use may use multivalency to amplify the apparent affinity. As de-
scribed in the introduction, avidity arises when a single interacting protein
engages two or more recognition modules of the same E3 ligase. E3 ligases
can exploit these effects via dimerization (STUB1?"°, MIB1°?), repetition of
binding domains (WW-domain-containing proteins®’'), or employment of
multiple substrate recognition domains (MIB1'**%). By analyzing our lig-
ands of Paper II we identify that many ligands of the MATH and SPRY do-
mains contain multiple binding regions within the same ligand (Figure 16),
supporting a potential multivalent mode of binding.
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Figure 16: Overview of peptide-binding regions that map to the same ligand from E3
ligase machinery proteins of Paper II. This illustrates possible multivalent binding or
avidity effects.
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We can expand this analysis by scanning the identified ligands for additional
instances of the hit protein, which offers further insights into potential multi-
valency related effects. Using the SLiMs of MIB1, MIB2, HECTD1, HERC?2,
RNF31, RNF41, STUBI, TRAF4 and UHRF1 we detect multiple motif in-
stances in the sequences of ProP—PD determined ligands and in the disordered
regions (Figure 17). For each of these cases the multivalency might increase
the local concentration of the ligand. For STUBI the search was performed
with  the  SIMBA-based deep  mutational scanning  motif
[MVLI][MFYW]x[PVICT]. Particularly the STUBI1 ligand TCF3 has several
predicted motif instances in its disordered regions. However, we need to keep
in mind that these are only predicted motifs, and experimental biochemical
assessment of sequence-based predictions remains essential.
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Figure 17: Analysis of possible binding motifs beyond the ligands found in ProP-PD
predicted using the discovered motifs and screening of the full protein sequences of
found ligands for additional motif instances and filtering for disordered ergions (IU-
pred score larger than 0.4). The black labels indicate the gene names of proteins with
the highest number of instances in the disordered regions per E3 ligase. Except for
TRAF4 where the gene names of the three highest classes are indicated. The blue label
indicates gene names with the highest number of instances in the whole ligand se-
quence — ordered and disordered. For STUBI the deep mutational scanning motif
[MVLI|[MFYW]x[PVICT] was used for the analysis.
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5. Summary of findings

Unlocking the hidden codes of SLiM-based interactions of the E3 ligase ma-
chinery is one of the keys to understanding this system. Different high-
throughput approaches have been employed by various groups to identify lig-
ands or potential substrates'*******’_ Nevertheless, identifying the interaction
partners and substrates of E3 ligases remains a major challenge. There are
many reasons for this: (i) many interactions are transient and of low affin-
ity’®?72273_(ii) substrate interactions are often conditional and context depend-
ent, emplyoing intricate control mechanisms’"*''*, (iii) degrons may be cryptic
or conformationally masked”"*®, (iv) the E3 ligase machinery is redundant
with many substrates targeted by multiple E3 ligases''**’?, (v) the motif se-
quence is variable in degrons’"*®, and (vi) there may be cooperativity between
E3 ligases that target different substrates’''*. Moreover, the dynamic level of
substrates which are targeted for degradation, are further modified by DUBs,
which complicates detection®’"*"2, Some of these challenges are specific for
the E3 ligase system. Others are general challenges related to the nature of the
SLiM-based interactions.

Here, I took a reductionistic approach to search for interactions, using a SLiM-
centered strategy. I employed ProP—PD to search for E3 ligase binding pep-
tides (Papers L, II, and III).

In Paper I, which constitutes a massive screen for SLiM-based interactions,
I contributed to the screening of ligands for WW and SH3 domains from E3
ligases. Although the core motifs for these domains were already known, our
work substantially expanded their SLiM-based interactomes. Additionally. I
established a SLiM of the UBL domain of the RAD23B. The motif broadens
the functionality of RAD23B beyond its ubiquitin-chain shuttle for the pro-
teasome.

In Paper II, which represents the bulk of the thesis research, I performed a
large screen for SLiM-based interactions of a variety of domains, and some
full-length proteins, of the E3 ligase machinery. In this study, we uncovered
several novel binding motifs of E3 ligases, and provide deeper insights into
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the interactions in terms of affinities and specificity determinants using a com-
bination of assays, including FP-monitored affinity measurements, peptide
SPOT arrays, and mutational analysis of peptides and domains. Paired with
AlphaFold modelling we provide structural insights into the interactions. We
define for example the SLiM-recognition determinants of the CTD of RNF41.
We illustrate that the novel SLiM detected by the SPRY domain of HERCI1
has a preference for asparagine-containing peptides and uses a similar binding
site as the SPRY domains of SPSB2 and SPSB4. We also establish that MIB-
HERC2 domains of the MIB1, MIB2, HECTD1 and HERC2, recognize as-
paragine-rich peptide motifs. We further find that domains such as the BRCT
domain of BRCAI1 and the TT domain of UHRF1 recognize also peptides in
a PTM-independent manner. We surprisingly find a novel SLiM that binds to
the MATH domain of TRAF4. The most striking finding of Paper II is that
SLiM-based peptide recognition is pervasive across the E3 ligase machinery,
where it adds an additional layer of specificity to ligand recognition.

In Paper III I expand the ligand repertoire of Kelch domain containing E3
ligase adaptor proteins. Additionally, I show that fewer determinants — key
motif residues — are required to mediate binding.

In Paper IV I investigate the contribution of the flanking regions by testing,
peptides of different length, to the affinity of DUB ligand-binding.

The study showed that the ubiquitin system contains a broader and more di-
verse network of peptide-recognition modules than previously appreciated.
Notably, the SLiM-based interactions found for the E3 ligases do not appear
to correspond directly to degron function as tested in GPS profiling, poten-
tially reflecting that many ubiquitination events serve regulatory roles other
than proteasomal degradation. Taken together, these studies provide a frame-
work for understanding how SLiM-based interactions contribute to specific-
ity, connectivity and regulation across the ubiquitin system.
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6. Conclusions and future perspective

In the present research, I show that motif-based interactions are widespread
across the E3 ligase machinery and its associated factors. ProP—PD enabled
large-scale identification of SLiM-mediated interactions, while biochemical
validation and modeling provide information on the underlying specificity de-
terminants. Across multiple domains and domain classes, the data revealed
both new motifs and revised versions of previously established motifs, often
showing that known consensus sequences are less restrictive than assumed.
These findings support a view of E3 ligase specificity in which core motif
residues, flanking-region chemistry, and domain context together determine
ligand recognition.

The affinity measurements quantify the residue preferences of the binding do-
mains and rank the potential ligands, placing them into biochemical context.
Our AlphaFold-supported structural models predict the likely binding sites.
Through the annotation of PTMs and SNPs within the ProP-PD, we can esti-
mate the context-dependence of the interaction, and the effect of disease on
the E3 ligase-ligand interaction.

My research largely expanded the motif-based interactions across all proteins
and in particular the E3 ligase machinery. The present data expands the known
E3 ligase interactome by ca. 70 %, including 14 novel or redefined binding
motifs. We performed FP-based affinity measurements for 9 different E3 lig-
ase domains. In detail I describe the SLiM binding of peptides of all known
MIB-HERC2-domain-containing proteins, the SPRY domain of HERC1, the
TPR domain of STUBI1 and the CTD of RNF41.

My research illustrates not only the powerful application of ProP—PD for dis-
covering peptide binders and defining SLiM, but also the broader value of
SLiM-based biochemistry in mapping PPIs. My research gives insights into
the balance between key residues, wildcard residues, and the flanking region
of SLiMs. My data will enable the field to study the E3 ligase machinery in
more detail. The described E3 ligase-ligand relationship offers an entry for
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future functional investigations. Determining binding peptides will aid struc-
tural analysis through co-crystallizations.

E3 ligases are involved in many different pathologies, ranging from cancer,
neurodegenerative diseases to bacterial and viral infections. The defined bind-
ing motifs may in the future be leveraged for the development of E3-ligase-
targeting inhibitors and drugs such as PROTACs or molecular glues. The
combined knowledge about the binding specificity determinants and the af-
finities will aid the process®’*.

In conclusion, this thesis demonstrates that the “hidden code” of the ubiquitin
system is encoded not only in ubiquitin chains, but also in the SLiM-based
interactions that govern complex assembly and substrate recognition.
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7. Populérvetenskaplig sammanfattning

Proteiner utfor de funktioner som héller véra celler och kroppar vid liv. Vart
DNA kodar for uppskattningsvis 20 000 till 30 000 proteiner. Vid varje given
tidpunkt uppgér antalet proteiner i en given kroppscell till cirka 10 000 till 12
000. Varje protein har en bestdimd funktion, sasom att driva metabolismen,
den aeroba andningen eller att uppratthalla DNA:ts integritet. Liksom vi sjdlva
aldras dven proteiner. Under ett proteins livstid kan produktions- och veck-
ningsfel uppsta. Slutligen kan dven cellens yttre eller inre forhdllanden for-
dndras pa ett sadant sétt att vissa proteiner inte langre behovs. Da kommer de
sé kallade E3 ligaserna in i bilden.

E3 ligaser dr en typ av proteiner med uppskattningsvis 600 till 1 000 medlem-
mar. Denna proteinfamilj &r ansvarig for att mérka in proteiner for nedbryt-
ning av ubiquitin-proteasomsystemet. For detta &ndamal har det i naturen ut-
vecklats ett markeringssystem: E1 enzymet aktiverar ubiquitin for att vidare-
befordra det till det E2 konjugerande enzymet. E3 ligaser tar sedan antingen
upp det aktiverade ubiquitinet eller binder till E2 enzymet. Det vésentliga ste-
get dr nu substratigenkdnningen. E3 ligaser maste tillforlitligt identifiera sub-
stratet och méarka det med ubiquitin. Hur E3 ligaser kénner igen sina substrat
och andra bindningspartners ar vad jag har undersokt under min forskarutbild-
ning.

Ubiquitin ar i sig sjalv ett litet protein. Endast 76 aminosyror langt bestimmer
det inte bara 6ver nedbrytningen av andra proteiner, utan har dven andra
signalfunktioner. Det kan bland annat avgora lokaliseringen av proteiner, till
exempel i cellkdrnan eller vid cellmembranet, men dven signalera DNA-ska-
dor. Dessa signaler kommuniceras genom olika kedjeformationer av ubiquitin
eller ubiquitinliknande proteiner. Genom de olika format som ubiquitinkedjor
tar, och de effekter de har pa olika signalvagar utvidgas E3 ligasernas funkt-
ionella roller méangfaldigt. Avgorande for detta dr savidl placeringen av
ubiquitinet pa substratproteinet som hur den resulterande ubiquitinkedjan
byggs upp. Medan den katalytiska vigen for E3-ligaser dr vl beskriven sak-
nas kunskap om vilka E3 ligaser som binder till vad och om ubiquitineringens
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olika celluldra foljdverkningar. Den centrala frdgan som vi fokuserar pa hir
ar hur olika E3 ligaserna kénner igen sina substrat.

E3 ligaser kénner ofta igen sina substrat bland annat genom sé kallade Short
Linear Motifs (SLiM, eller SLiMar i plural), vilket kan dversdttas som "korta
linjara bindningsmotiv". For detta utnyttjar E3 ligaserna sin moduldra upp-
byggnad. Proteiner &r i grunden modulért organiserade, dér varje modul — ett
veckat domén — har en tertidr veckning som ger doménet en bestadmd funktion.
Vissa doméner utfor katalytiska funktioner, medan andra utfor sysslan att spe-
cifikt kdnna igen proteiner, delvis genom de redan ndmnda bindningsmotiven.
Ett SLiM ér ett 3—10 aminosyror langt avsnitt av ett protein som ofta finns i
de delar av proteiner som &r ostrukturerade. Detta innebér att dessa delar av
proteinerna inte antar nagon veckad struktur. En SLiM kénns ofta igen av sina
bindningspartners utifrdn 3—4 aminosyror som fungerar som nycklar for den
molekyléra igenkdnningen.

Utover E3 ligaser finns det ett stort antal andra proteiner som bidrar till att
reglera vilka proteiner som ubiquitineras och vilka konsekvenser detta i sin
tur far. I det foljande stycket anvinder jag E3-ligas-maskineriet som ett sam-
lingsbegrepp. Ytterligare komponenter dr exempelvis de enzymer som bryter
ner ubiquitin-kedjan (deubiquitinaser) och proteiner sasom RAD23B, vilket
vidarebefordrar ubiquitinerade proteiner till proteasomen.

Under samlingsbegreppet determinanter for substratspecificitet har jag under-
sokt hur E3 ligaser kidnner igen sina substrat. For detta har jag byggt upp en
samling med 6ver 130 proteiner (Manuskript I-III). Tillsammans med mina
kollegor och studenter har jag testat 6ver 140 proteindoméner med avseende
pa deras SLiM-bindande formaga. For detta har jag anvént fagpresentation av
peptider fran vart proteom (Proteomic Peptide Phage Display; ProP—PD), en
metod som har utvecklats av den grupp dér jag utférde mitt avhandlingsarbete.
Fagpresentation dr en metod som forst utvecklades for att utveckla antikrop-
par. Genom vidareutveckling kan fagpresentation dven anvéndas for att un-
dersoka humana protein-proteininteraktioner. I detta fall undersoks vilket pro-
tein som binder vilken SLiM. Med hjélp av denna metod har jag kartlagt ett
stort antal nya interaktioner.

Vidare har vi karakteriserat de upptickta interaktionerna och SLiMarna ge-
nom biokemiska metoder. Vi har undersokt de molekyldra determinanter som
avgor vilket protein som binder vilken SLiM. Tack vare utvecklingen av arti-
ficiell intelligens kunde vi datorbaserat modellera interaktionerna med pro-
grammet AlphaFold och validera dem experimentellt. Genom
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fluorescensanisotropi, alltsa genom utnyttjande av de fluorescerande ljusstra-
larnas egenskaper, har vi bestdmt interaktionsstyrkorna mellan peptiderna och
deras doméner. Vidare har vi undersokt doménernas SLiM-bindning genom
peptid SPOT-array forsok. Peptid SPOT-arrayer &r membran pé vilka peptider
syntetiserats, som sedan anvinds for att testa olika interaktioner.

Slutligen har vi undersokt interaktionerna i celluldrt sasmmanhang med full-
angdsproteiner. Vi har ocksa utifrdn de funna SLiMarna bioinformatiskt sokt
efter och validerat ytterligare interaktioner. I mitt fjirde manuskript utvidgar
vi forskningen till att undersdka de biokemiska grunderna f6r SLiM-bindning
med deubiquitinaser. Utover detta har jag undersokt inverkan av peptidlang-
den och av aminosyrorna utanfér nyckelaminosyrorna.

Sammantaget kunde vi identifiera 11 460 peptider som interagerar med E3-
ligasmaskineriet. Dessa interaktioner representerar ungefar 8 290 potentiella
protein-protein-interaktioner. Detta utvidgar de for niarvarande 12 380 kdnda
E3 ligas interaktionerna med 67 %. Vi karakteriserade nya SLiMar for bland
annat MIB-domén-E3-ligaserna MIB1, MIB2, HECTD1 och HERC2. Jag
kunde dven definiera en ny SLiM som binder E3-ligaset HERC1. For E3 li-
gaserna RNF41 och STUB1 kunde vi bestimma SLiMar som formedlar bind-
ningen till redan kdnda interaktionspartner.

Mitt arbete utgor en del av de vetenskapliga anstrangningarna att karakterisera
E3-ligassystemet. Resultaten ger ett visentligt bidrag till utvidgningen av det
kidnda E3-ligas-interaktionsnitverket och tydliggdr SLiMarnas centrala bety-
delse for substratigenkdnning. Darmed utgdr data en vérdefull resurs som
framtida studier kan falla tillbaka pa for att motivera och driva vidare under-
sokningar. Dérutdver har resultaten potentiell relevans for utvecklingen av te-
rapeutiska strategier, i synnerhet med avseende pa modulering av ubiquitin-
beroende signalvégar.
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8. Populdrwissenschaftliche
Zusammenfassung

Proteine fiihren Funktionen aus, die unsere Zellen und Korper am Leben er-
halten. Unsere DNA kodiert schatzungsweise 20.000 bis 30.000 Proteine. Zu
jedem Zeitpunkt betrdgt die Anzahl der Proteine in jeder beliebigen Korper-
zelle etwa 10.000 bis 12.000. Jedes Protein hat eine bestimmte Funktion, wie
zum Beispiel das Betreiben des Metabolismus, der aeroben Atmung oder der
Wahrung der DNA-Integritit. Wie wir altern auch Proteine. In der Lebenszeit
von Proteinen kénnen Produktions- und Faltungsfehler auftreten. SchlieBlich
konnen sich auch die duBeren oder inneren Bedingungen der Zelle so dndern,
dass gewisse Proteine nicht mehr bendtigt werden.

Dann kommen die sogenannten E3-Ligasen ins Spiel. E3-Ligasen sind eine
Proteinfamilie mit schiatzungsweise 600 bis 1.000 Mitgliedern. Typischer-
weise ist diese Proteinfamilie daflir zustdndig, Proteine innerhalb des
Ubiquitin-Proteasom-Systems abzubauen. Zu diesem Zweck hat die Natur ein
auf einem Stoffwechselweg basierendes Markierungssystem entwickelt: Das
E1-Enzym aktiviert Ubiquitin, um es an das E2-konjugierende Enzym weiter-
zugeben. Die E3-Ligase nimmt dann entweder das aktivierte Ubiquitin auf
oder bindet an das E2-Enzym. Der wesentliche Schritt ist nun die Substrater-
kennung. Die E3-Ligase muss zuverldssig das Substrat identifizieren und mit
Ubiquitin markieren.

Ubiquitin selbst ist auch ein Protein. Nur 76 Aminosduren lang, bestimmt es
nicht nur {iber den Abbau anderer Proteine, sondern hat auch weitere Signal-
wirkungen. Es kann unter anderem iiber die Lokalisation von Proteinen ent-
scheiden, zum Beispiel im Zellkern oder an der Zellmembran, aber auch
DNA-Schiaden melden. Diese Signale werden durch verschiedene Kettenfor-
mationen von Ubiquitin oder ubiquitindhnlichen Proteinen kommuniziert.
Durch die unterschiedlichen Formate der Ubiquitinketten und die entspre-
chende Signalwirkung erweitert sich der funktionale Horizont der E3-Ligasen
um ein Vielfaches. Entscheidend dabei ist die Platzierung des Ubiquitins auf
dem Substratprotein wie auch die Synthetisierung der entsprechenden
Ubiquitinkette.
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E3-Ligasen erkennen ihre Substrate unter anderem durch sogenannte Short
Linear Motifs (SLiMs), was als ,kurze lineare Motive® iibersetzt werden
kann. Hierfiir nutzen E3-Ligasen ihren modularen Aufbau. Proteine sind
grundsitzlich modular organisiert, wobei jedes Modul — eine Doméne — eine
tertidre Faltung hat, welche der Doméne eine bestimmte Funktion verleiht.
Einige Doméinen iibernehmen katalytische Funktionen, wihrend andere der
spezifischen Erkennung von Proteinen dienen, teilweise durch die bereits er-
wihnten SLiMs. Ein SLiM ist ein 3—10 Aminosduren langer Abschnitt eines
Proteins mit geringer Sekundérstruktur. Dies impliziert, dass dieser Abschnitt
keine hohere Ordnung ausbildet und folglich als intrinsisch ungeordnet klas-
sifiziert wird. Ein so kurzer Abschnitt von Aminosduren wird als Peptid be-
zeichnet. Das SLiM erkennt aufgrund von 3—4 Schliisselaminosduren die Bin-
dungspartner.

Wihrend der katalytische Weg der E3-Ligasen gut beschrieben ist, mangelt
es am Wissen iiber die Interaktionspartner und iiber die jeweiligen zelluldren
Auswirkungen der Ubiquitinierung. Die zentrale Frage hierbei ist, wie die ver-
schiedenen E3-Ligasen ihre Substrate erkennen.

Neben den E3-Ligasen tragen zahlreiche weitere Proteine zu diesem Stoff-
wechselweg bei. Im Folgenden fasse ich sowohl die E3-Ligasen als auch diese
begleitenden Komponenten unter dem Begriff der E3-Ligase-Maschinerie zu-
sammen. Weitere Komponenten sind die ubiquitinkettenabbauenden Deu-
biquitinasen oder Proteine wie RAD23B, welches ubiquitinierte Proteine an
das Proteasom weiterleitet.

Unter dem Oberbegriff der Determinanten der Substratspezifitit untersuchen
wir, wie genau E3-Ligasen ihre Substrate erkennen. Dafiir habe ich eine
Sammlung mit iiber 130 Doménen oder Volllangen-Proteine aufgebaut (Ma-
nuscript I-III). Zusammen mit meinen Kollegen und Studenten habe ich {iber
140 Doménen auf ihre SLiM-Bindefahigkeit gepriift. Dafiir habe ich Proteo-
mic Peptide Phage Display (ProP—PD) angewandt. Phagen-Display ist eine
Display-Methode, welche zuerst zum Design von Antikdrpern entwickelt
wurde. Durch Weiterentwicklung kann man Phagen-Display auch zur Unter-
suchung von humanen Proteininteraktionen verwenden. In diesem Falle wird
untersucht, welche Doméne welches Peptid bindet, was somit Riickschliisse
auf das jeweilige SLiM ermoglicht. Des Weiteren haben wir die entdeckten
Interaktionen und SLiMs durch biochemische Verfahren charakterisiert. Wir
haben die genauen substratspezifischen Determinanten auf Seite der Peptide
wie auch der Doménen untersucht. Durch Fluoreszenzanisotropie, also die
Ausnutzung der Welleneigenschaft von fluoreszierenden Lichtstrahlen, haben
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wir die Interaktionsstarken zwischen den Peptiden und deren Doménen be-
stimmt. Weiterhin haben wir durch SPOT-Arrays die Peptidbindung der Do-
ménen untersucht. SPOT-Arrays sind Membranen, welche mit synthetisierten
Peptiden beschichtet sind. Dank der Entwicklung von kiinstlicher Intelligenz
konnten wir computergestiitzt mit dem Programm AlphaFold die Interaktio-
nen modellieren und experimentell validieren. Letztendlich haben wir die In-
teraktionen im zelluldren Kontext mit Vollldingen-Proteinen untersucht und
durch die gefundenen SLiMs weitere Interaktionen prognostiziert und vali-
diert. In Manuscript IV erweitern wir die biochemischen Grundlagen der
SLiM-Bindung am Beispiel von Deubiquitinasen. Ich habe den Einfluss der
Peptidldnge und der Aminosduren au3erhalb der Schliisselaminosduren unter-
sucht.

Insgesamt konnten wir 11.460 Peptide finden, die mit der E3-Ligasen-Ma-
schinerie interagieren. Diese Interaktionen stellen ungefahr 8.290 potentielle
Protein-Protein-Interaktionen dar. Bei den momentan 12.380 bekannten Inter-
aktionen stellt dies eine Erweiterung der globalen bekannten E3-Ligasen-In-
teraktionen von 67 % dar. Insbesondere konnten wir neue SLiMs charakteri-
sieren, unter anderem die der MIB-Dominen-E3-Ligasen MIB1, MIB2,
HECTDI1 und HERC?2. Ich konnte auch ein neues SLiM fir die E3-Ligase
HERCI1 bestimmen. Fiir die E3-Ligasen RNF41 und STUB1 konnten wir
SLiMs bestimmen, welche das Binden von bereits bekannten Interaktions-
partnern vermitteln.

Meine Arbeit ist Teil der wissenschaftlichen Anstrengungen, das E3-Ligasen-
System zu charakterisieren. Die Ergebnisse leisten einen substanziellen Bei-
trag zur Erweiterung des bekannten E3-Ligase-Interaktionsnetzwerks und
verdeutlichen die zentrale Bedeutung von SLiMs fiir die Substraterkennung.
Somit stellen die Daten eine wertvolle Ressource dar, auf die zukiinftige Stu-
dien zuriickgreifen konnen, um weiterfiihrende Untersuchungen zu begriinden
und voranzutreiben. Dariiber hinaus besitzen die Ergebnisse potenzielle Rele-
vanz fur die Entwicklung pharmakologischer Strategien, insbesondere in Hin-
blick auf die gezielte Modulation ubiquitin-abhéngiger Signalwege.
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9. Reflections and Acknowledgments
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invention of nature*” remains an engaging topic of discussion, but ultimately
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nature. And here I wholeheartedly agree with von Humboldt's observation fol-
lowing his visits to the Americas: the greatness of nature reveals itself when
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study something so very small and yet so remarkable — short linear motifs
— and to appreciate the complexity and significance they embody admire the
greatness of it: short linear motifs. While there was often little time to pause
over the past years, as is typical in doctoral training, I value the journey none-
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ship both in scientific matters and beyond the lab have made these years very
impactful for me. Thank you.

My sincere thanks also go to the other supervisors and professors who have
guided me along this path. In particular, I would like to thank my co-supervi-
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Ubimotif network: Anton, Katrin, Helen, Mathias, Ora and Yogesh. Your
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beauty of nature through a scientific lens, as well as my professors and teach-
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like to thank you, Suparna.
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accepting me into your office; thank you for processing my data. I also want
to thank Ali and Caroline for developing ProP-PD and making it accessible
for my work — this was invaluable to my project. My sincere thanks go to
Priyanka, Susanne, and Vishaka for being such supportive and inspiring
team members. Lidia, it has been a pleasure. I thank Johanna, whose
onboarding in the early days encouraged me to find my own way.
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for not only modelling my interactions, being awake so late and available for
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