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Abstract
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Protein-protein interactions (PPIs) orchestrate a variety of cellular events, ranging from signal
transduction, scaffolding to subcellular localisation. A subclass of PPIs is mediated by short
linear motifs, which are short amino acid stretches found in the intrinsically disordered regions
of the proteome. Regulation of these interactions, which determines which proteins interact, as
well as when and where interactions occur, is vital for performing cellular tasks. Phosphorylation
can act as cue for this regulation, creating, breaking or fine-tuning a given interaction site.
Disease-associated mutations may, in turn, deregulate motif-based PPIs. The Ivarsson lab
established proteomic peptide-phage display (ProP-PD) for the discovery of binding peptides
and motifs of protein domains. I extended the approach to kinase domains to assess their
peptide binding properties and uncovered potential docking interactions of CASK and MAPKS.I
further investigated the modulation of motif-based PPIs by phosphorylation guided either by
bioinformatic predictions or by phosphomimetic ProP-PD. This led to unravelling of phospho-
modulated binding motifs in the cytoplasmic tails of coronavirus host receptors. In addition, I
developed an improved phosphomimetic phage library combining the intrinsically disordered
regions of the human proteome with functionally prioritised phosphosites. Screening protein
domains against the phosphomimetic library suggested novel interaction partners and their
phospho-modulation. I demonstrated the dependency of clathrin binding on S839 HURP
phosphorylation, which was further found to be required for the mitotic function of HURP.
Lastly, I assessed, with the genetic variation phage library, whether mutational ProP-PD is suited
to capture changes in motif-based PPIs as a consequence of disease-associated mutation. The
method can with high confidence identify PPI-disruptive mutations, such as the P348L SQSTM1
mutation that diminishes binding to KEAP1 and a R157C CDC45 mutation that disrupts the
nuclear localisation of CDC45 and its interaction with KPNA7. Together, I have investigated
motif-based PPIs in health and disease and probed their identification by (mutational) ProP-
PD. Mutational ProP-PD offers the advantage to identify conditional interaction partners, which
might be overlooked in conventional ProP-PD experiments.
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protein-protein interaction
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post-translational modification
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Introduction

Essential to the function of life, intriguing in their shape and diversity,
proteins represent the molecular toolbox performing the work of the cell
and the body. Renowned for their role as enzymes, proteins have vari-
ous tasks beyond that capacity, including their involvement in signal-
ling networks, transport and scaffolding (1). Importantly, proteins rarely
act as isolated entities but form networks among themselves or with
other macromolecules, allowing them to communicate, interact and co-
ordinate their endowed cellular tasks. Mapping those protein networks
is pivotal for understanding the context in which proteins meet and in-
teract, as well as predicting their function. These networks are mediated
by protein-protein interactions (PPIs) and by now, databases report on
more than 750,000 different PPIs found in the human (IntAct, 07/2023;
(2)). This pinpoints the enormous complexity and dynamics of protein
networks, which challenges and motivates to explore them in depth.

Motif-based PPIs

PPIs can be described at the different levels of protein modularity, cov-
ering protein complexes, globular domains, as well as globular domains
and binding motifs (3). Globular domains are building blocks within a
protein, both structurally and functionally. They often fold inde-
pendently and folds are conserved among domain families (4). Domain-
domain interactions have been proposed to rely on extensive surface
recognition of the domains (5). Alternatively, globular domains recog-
nise binding motifs, also called short linear motifs (SLiMs), in their in-
teraction partners. SLiMs are short stretches of amino acids, typically
3-10 amino acids long and often found in the intrinsically disordered
regions of the human proteome (Figure 1; (3,6)).
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Figure 1: Motif-based PPIs. A globular domain (all grey) binds to a motif found in
the disordered regions (green) of another protein, which consists of disordered regions
(green) and globular domains (grey with green lining).

Intrinsic disorder itself can be defined as the absence of a well-defined
three-dimensional structure in a given protein region (7). It can be esti-
mated by metrics such as I[UPred, which calculates the probability of a
given amino acid to engage in interactions (8,9), and assessed by protein
structure determination, using for example X-ray protein crystallog-
raphy or nuclear magnetic resonance spectroscopy (10,11), as well as
structure prediction such as AlphaFold (12). Intrinsically disordered re-
gions are commonly enriched in polar and charged amino acids and de-
pleted in hydrophobic residues (7,13). They represent accessible inter-
action platforms on protein surfaces and it has been predicted that more
than 50% of the eukaryotic proteins contain long regions of disorder
(14,15).

SLiM-based PPIs play a role in various cellular processes, such as
transport, signalling, stress granule formation and degradation (16). In
line with their function, these motifs confer often low- to mid-micromo-
lar affinity upon binding and their interactions are transient (6). Speci-
ficity of the interactions is achieved by core residues within the motif,
interspersed residues, residues in the flanking regions but also time and
space of the interaction occurring, as well as local concentrations of the
interaction partners within the cell (16,17). As of now 186 ligand classes
have been defined in the eukaryotic linear motif (ELM) database (ELM
07/2023; (18,19)), but the human proteome has been predicted to har-
bour over 100,000 binding motifs (3).
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A variety of globular domains have been reported to bind to binding
motifs, and the most abundant and well-studied domain families in-
clude, among others, PDZ (Postsynaptic density 95; Discs large; Zonula
occludens-1), SH3 (SRC homology 3) and WW domains (20-22).
Nonetheless, peptide recognition goes beyond these classical recogni-
tion domains. Well-known representatives are proteins involved in traf-
ficking and transport, such as the clathrin N-terminal domain (NTD)
recognising LOXxD[DE]-motifs (with x representing any and @ repre-
senting hydrophobic amino acids; [] : any of the amino acids in the
brackets is allowed) in its cargo proteins or the pu2 subunit of the clathrin
adaptor AP2 (AP2M1) binding to Yxx[LMVIF]-motifs, as well as the
nuclear localisation signals (KR-motifs) recognised by the importin al-
phas (KPNAs) (23-25). Equally, recruitment of autophagy receptors to
the autophagosome has been shown to rely on the recognition of the
LC3-interacting region (LIR) motif (simplified: [WFY ]xx®) by the au-
tophagy-related protein 8 (ATGS8) family of proteins (26,27).

Moreover, substrate targeting of enzymes such as phosphatases and
kinases has in several cases been described to be motif-guided, either
by auxiliary domains or by the catalytic subunit itself (28). These inter-
actions are important for substrate selectivity and targeting catalytic ac-
tivity and hence the downstream effects of, for example, phosphatases
and kinases (28). Together, this pinpoints the plethora of SLiMs and
peptide-recognition domains yet to be discovered, characterised and to
be contextualised within protein networks.

Modulation of motif-based PPIs by phosphorylation

PPIs are often conditional and their restriction in time and space adds
an additional level of regulation. Post-translational modifications
(PTMs), including methylation, sumoylation, ubiquitination and phos-
phorylation (29), can act as cues orchestrating when and where a given
interaction occurs. One key aspect of this thesis evolves around protein
phosphorylation, which is the most abundant PTM and important for
cell cycle regulation, trafficking events, gene transcription and signal-
ling cascades (28,30). While kinases are responsible for the addition,
phosphatases catalyse the removal of the phosphate moiety. On pro-
teins, phosphorylation has most extensively been described for serine,
threonine and tyrosine residues, but may also occur on basic amino ac-
ids such as arginine, lysine and histidine (30-33).

15



As for its effect on motif-based PPIs, phosphorylation can act as binary
binding switch, either creating or breaking a binding site (Figure 2).
However, it can also act to fine-tune interactions when the phosphory-
lation site is within the flanking sites or interspersed within the motif.
The phosphate moiety is in this context not strictly required for the
binding event but may enhance or diminish the binding affinity (28).

protein
domain

<

®

Figure 2: Phospho-modulated motif-based PPIs. Phosphorylation of residues
within a motif creates (red domain) or breaks (grey domain) a binding site.

Impact of genetic variation on motif-based PPIs

A vast amount of non-synonymous single nucleotide variances (SNVs)
has been identified by genome and exome sequencing, which contrib-
utes to the genetic variation in humans. However, pinpointing their
functional and biological relevance on the protein level and for disease
progression remains a major challenge at hand (34-36). When SNVs are
not silent, they lead to a change in the sequence of the encoded protein
by one amino acid, which may in turn affect protein functionality. Per-
turbed protein functionality manifests for instance in altered activity,
stability, conformation, cellular localisation and also interaction with
their binding partners (37-40).

Whereas a majority of the disease-associated mutations reportedly
cluster to the protein core, affecting protein stability (41), mutations
found on protein surfaces populate protein interaction interfaces (42—
44). There are several studies suggesting that perturbation of PPI net-
works is a widespread phenomenon caused by disease-associated mu-
tations (45-47). It can hence be proposed that mutations can affect PPIs
and their networks by creating or breaking binding motifs within the
intrinsically disordered regions of proteins (Figure 3).
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Figure 3: Impact of genetic variation on motif-based PPIs. Genetic variation which
results in amino acid changes and occurs within a binding motif can impact motif-
based PPIs, either creating (orange protein domain) or breaking (grey protein domain)
a given binding site.

Proteomic peptide-phage display (ProP-PD)

Various methods are deployed to investigate motif-based PPIs, which
are notoriously difficult to assess due to their low affinity and transient
nature. These methods include yeast two-hybrid approaches (48-51),
peptide arrays (52-55), peptide arrays coupled to mass spectrometry
(PRISMA: Protein Interaction Screen on Peptide Matrix; (56-58)), as
well as different display techniques such as yeast (59,60), bacterial
(61,62) and proteomic peptide-phage display (ProP-PD) (63-65) (Table
1, Figure 4).
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Figure 4: Methods applied to delineate motif-based PPIs. Depicted as examples
are the yeast two-hybrid assay (right bottom), peptide arrays (left top), PRISMA (right
top) and peptide phage display (left bottom).
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Table 1: Methods applied to delineate motif-based PPIs including their advantages,

disadvantages and selected references.

Approach Advantages Disadvantages References
- Yeast as host system,
e.g. lack of necessary
Yeast two- Binary, direct PPIs fosiﬁgrgéﬁif;ﬁgisf
;g;ll)rld as- ?efi r111S111-1ength pro- the fusion (48-51)
- Interaction only de-
tected if it occurs nu-
clear
- Can include PTMs | - Limited number of
Peptide ar- | - Information with | peptides (52-55)
rays amino acid resolu- - Interaction not in bio-
tion logical context
- Full-length pro- - Not necessarily di-
teins from whole rect interactions cap-
PRISMA cell lysates tured (56-58)
- Advantaces of a - Difficulties in detec-
: g f low abundance-
peptide array tion 0
proteins
- Interaction not in con-
- Information with text of full-length pro-
amino acid resolu- | teins
ProP-PD tion - Immobilisation strate- | (63—65)
- Peptides from hu- | gies

man proteome - Amount of purified

protein (domains)

Phage display has been pioneered by George P. Smith and Sir Gregory
P. Winter (66,67), which was awarded with the Nobel Prize in 2018, and
is based on the display of proteins or peptides by bacteriophages and
subsequent selection for ligands. In peptide phage display, thousands to
billions of different peptides are encoded in bacteriophages and pre-
sented on the coat of the phage. By different panning strategies, bait
protein (domains) can be screened for their binding to the displayed
peptides (68). Phage libraries often contain randomised peptides and the
retrieved binding motifs are not necessarily biologically relevant. ProP-
PD differs in that all peptides are derived from the human proteome,
more specifically from the intrinsically disordered regions, which have
a higher propensity to harbour binding motifs. ProP-PD has proven to
be a suitable technique to determine the binding preferences of bait pro-
tein domains to SLiMs (64,65). In comparison to its orthogonal screen-
ing methods for motif-based PPIs, ProP-PD offers the advantage of un-
covering binding peptides from the human proteome and binding motifs
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with amino acid resolution while maintaining a high throughput (Table
1, (65)).
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Figure 5: Principle of ProP-PD. The library design of the human disorderome 2
(HD2) library is based on the intrinsically disordered regions of the human proteome.
They are tiled in 16 amino acid long peptides with a 12 amino acid overlap. Naive
phagemids are transformed to contain the peptides (1 million different peptides) in
fusion with either of the p3 or p8 coat protein of the M13 bacteriophages. In phage
selections, bait protein domains are immobilised and challenged with the phage li-
brary. Unbound phages are washed off, whereas phages displaying peptides binding
to the bait protein domain are amplified in Escherichia coli. Enriched phage pools
identified by phage pool ELISA are sent for NGS. The bioinformatical pipeline and
hit analysis identifies potential binding peptides, binding motifs and interactors.

To briefly describe ProP-PD, M 13 bacteriophages are modified to dis-
play 16 amino acid long stretches from the human proteome in fusion
with either of the coat proteins p8 or p3. The regions are further tiled
by overlapping peptides (12 amino acids overlap), which allows for a
potential redundancy of the entailed binding motifs. During the phage
display experiment, immobilised bait protein domains are challenged to
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bind to the presented peptides. Multiple selection rounds (commonly
four) allow to enrich for phages displaying peptides specifically binding
to the bait protein domain. As a first evaluation, phage pool enzyme-
linked immunosorbent assay (ELISA) allows to identify enriched phage
pools. Next-generation sequencing (NGS) is subsequently applied to
delineate the peptides encoded by the enriched pools. Analysis of the
binding peptides provides information on potential and endogenous lig-
ands, as well as binding motifs (Figure 5; (65,69)).

Mutational ProP-PD

Conditional PPIs are challenging to analyse in depth and in context of
the human interactome due to their fluctuating nature. I focus here on
phosphorylation and genetic variation by SN'Vs as modulators/ regula-
tors of conditional motif-based PPIs.

In order to assess conditional interactions in large-scale, a plethora
of different approaches tailored to specific cellular states have been
taken, and general strategies include conditional proteomics approaches
(46,70) and the cellular thermal shift assay (71). More specific for the
investigation of phospho-modulated interactions, peptide arrays and the
hold-up assay including phosphorylated amino acids (55,72,73) or con-
ditional yeast two-hybrid screens (74-76) have for example contributed
to our current understanding of the phosphorylation code. Similarly,
proteomics-based approaches (77,78) including PRISMA (56), compu-
tational efforts (45,46), deep-mutational scanning studies (79) and again
yeast two-hybrid screens (45,47,80) have been applied to elucidate the
effect of disease-associated mutations on PPIs in large-scale.

This thesis promotes the application and contributes to the continued
development of mutational ProP-PD to assess conditional motif-based
PPIs. The technique is a variation of the conventional ProP-PD ap-
proach. The phage libraries in mutational ProP-PD are designed to con-
tain two versions of a given peptide, a wild-type and a mutant version.
The approach relies on challenging a given bait protein domain simul-
taneously with tens of thousands of those wild-type and mutant peptide
pairs (Figure 6). Binding preferences for either wild-type or mutant
peptide are thus extracted in the same experiment and quantified by
NGS. Mutational phage display offers the advantage of both suitability
for high-throughput and concomitant specificity for delineating condi-
tional SLiM-based PPIs. It was piloted in our lab to decipher the
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phospho-modulated binding of PDZ domains. The domains were
screened in a phage display using the C-termini of the human proteome,
in which all potential serine/threonine phosphosites have been mutated
to glutamate to approximate the phosphorylated status of those amino
acids (81). I here apply mutational phage display to elucidate both the
phospho-modulation of motif-based PPIs (phosphomimetics as mutant
peptides) and their disruption by genetic variation (non-synonymous
SNVs as basis for the mutant peptides) in large scale.

@ Library ol *e P
generation _ = = ': L ' o.‘
% m““}“ @ Next gerﬁeranon é 3 jll
i g gﬁ:‘? i 3 g AL p=0.01
@uibrary “—"  aaan < w .
e :gﬁ}'? Xy \_/ enrichment score -
AL
waaa s =C D ® count
() Phage display: S| J | analysis
multiple selection TITITTT ey
rounds o e R |

immaobilised bait proteins

Figure 6: Principle of mutational ProP-PD experiment. The library design is based
on the intrinsically disordered regions of the human proteome, together with infor-
mation on either functionally prioritised phosphosites or disease-associated muta-
tions. In both cases, peptides are represented as wild-type and mutant peptide, so that
the immobilised bait protein domains are challenged with both versions of the pep-
tides. NGS of the enriched phage pools identifies the preference of the bait protein
domains to either of the versions. This preference is quantified by the enrichment
score and statistical power is attributed to NGS count differences between wild-type
and mutant peptide by the Mann-Whitney test.

Validation of motif-based PPIs

While ProP-PD is an excellent tool for screening for putative binding
partners in high-throughput, it is necessary to validate these interactions
both on the peptide level and in context of the full-length proteins. On
the peptide level, affinity measurements, such as surface plasmon res-
onance, microscale thermophoresis, isothermal titration calorimetry,
stopped flow spectrophotometry and fluorescence polarisation, repre-
sent convenient tools to confirm the interaction between the putative
motif-containing peptide and the bait protein domain. The two tech-
niques applied in this thesis will be described briefly in the following.
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Isothermal titration calorimetry is based on measuring the tempera-
ture difference to a reference cell when sequentially adding ligand to
protein (or vice versa) to the measurement cell. An interaction feasible
to be sampled by this method should result in a heat release or heat
consumption upon binding (82-84) (Figure 7; here: heat release). The
heat corresponds, under constant pressure, to the enthalpy AH of the
binding event. The instrument applies power to adjust the temperature
of the reference cell to the measurement cell, and the resulting power
peaks are then integrated and normalised to the amount of added ligand.
By fitting the data to an equation suitable for the binding event, the
equilibrium association constant (Ka) can be retrieved (82-84).

1593

protein heat @Ie&a\_se
. upon binding
domain

AMOT( | F=—

reference cell measuring cell

Figure 7: Principle of isothermal titration calorimetry. A peptide ligand is se-
quentially titrated to the protein domain in the measuring cell. The change in tem-
perature caused by the binding event is registered in comparison to the reference
cell. From this, thermodynamic parameters and the Kp-value can be derived.

From this, the thermodynamic parameters of the binding event and the
equilibrium dissociation constant (Kp) can be calculated according to
the following equation (82,84).

AG = —RT xIn K, = AH — TAS Equation 1
ith: Ky = !
W1 . A= KD

Isothermal titration calorimetry offers the advantage of label-free meas-
urement of protein binding affinities, thermodynamic parameters and
the stoichiometry of binding in free solution.
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Fluorescence polarisation is based on measuring the polarisation of
light and utilises the changes in the tumbling behaviour of a small flu-
orescently labelled molecule (here: peptide) upon binding of a larger
interaction partner (here: protein domain). The free fluorescently la-
belled peptide tumbles faster resulting in the depolarisation of light
(Figure 8A), whereas its rotation is slowed down when bound by the
interacting protein domain, maintaining the light polarisation (Figure
8B, (85-87)).

A polarised light

t_, depolarised light

low millipolarisation

B
globular
Pid domain 4
{ Y
! I P
! | —
|}
\, M"O_,. — /
N A;? T [P polarised light

high millipolarisation

Figure 8: Principle of fluorescence polarisation. Exciting a small fluorescently la-
belled molecule (here: peptide) with polarised light results in the depolarisation of the
emitted light due to the fast tumbling of the molecule. Tumbling of the peptide is
slowed down by the binding of the protein domain, so that the polarisation of the light
is maintained.

The fluorescence polarisation signal in millipolarisation is calculated
by measuring the emitted light of the fluorophore in two angles and
according to the following equation:

Fluorescence polarisation signal = F, —F, /F, + F;,  Equation 2
with:

F, = fluorescence intensity parallel to excitation plane

F, = fluorescence intensity perpendicular to excitation plane

Both direct (saturation curves) and indirect (displacement curves) bind-
ing events can be measured. For saturation curves, the protein domain
is titrated against a constant fluorescently labelled peptide. The label
used throughout the experiments in this thesis is a fluorescein isothio-
cyanate (FITC)-label. The Kp-value can be obtained by plotting the flu-
orescence polarisation signal against the different protein domain
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concentration and fitting the data using the quadratic equation for bind-
ing (88). For displacement curves, first a complex between protein do-
main and labelled peptide is formed, and then unlabelled peptides are
titrated against this complex. Fitting the data against a sigmoidal dose-
response equation allows to extrapolate the IC50-values of the displace-
ment experiments, which can be used to calculate the equilibrium inhi-
bition constant (K1), which corresponds by extension to the Kp-value of
the displacing peptide (89). With this, it is possible to describe the af-
finities independent of the fluorescent label on the reporting peptide
(85). Fluorescence polarisation allows hence the determination of Kp-
values in high-throughput while consuming low amounts of protein
given that the fluorescently labelled peptide is a high affinity ligand.

Additionally on the peptide level, the interaction can be structurally
assessed for instance by X-ray protein crystallography or nuclear mag-
netic resonance spectroscopy by analysing the complex of protein do-
main and peptide (90-93). This allows to identify key residues of the
interaction on both the protein domain and the peptide.

After confirming the interaction on the peptide level, its validation in
context of the full-length proteins is considered the next step in explor-
ing the biological relevance of the probed interaction. Co-immunopre-
cipitation of bait and prey protein in mammalian cells is commonly
used for this purpose. Tagging the bait proteins with e.g YFP or GFP
(yellow/green fluorescent protein) and expressing them either transi-
ently or stably allows to affinity-purify them from the lysed cells. The
co-immunoprecipitation of the prey protein can be analysed by western
blotting detecting either tagged- or endogenous prey proteins as well as
the successful pull-down of the bait protein (94). An alternative detec-
tion method is by mass spectrometry, which is then known as affinity
purification mass spectrometry (95). In order to pinpoint the biological
role of the interaction, it requires functional read-outs tailored to the
respective biological process. Examples explored in this thesis include
tracking cells through mitosis in a time-lapse microscopy experiment
and determining the nuclear localisation behaviour of a protein by mu-
tating its putative nuclear localisation signal.
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Aim of the thesis

Focus of this thesis is on the discovery and validation of SLiMs medi-
ating PPIs, and more specifically on their regulation by phosphorylation
and deregulation by genetic variation. As delineated above, motif-based
PPIs are challenging to assess due to their commonly moderate affinity
and transient nature, and conditional interactions even more so due to
their restricted spatial and temporal occurrence.

I aimed with my research to assess motifs involved in orchestrating
the phosphorylation code (Paper I-III) and investigate how genetic
variation impacts motif-based PPIs (Paper IV). Initial experiments
were based on ProP-PD screens or bioinformatic predictions providing
information on putative binding peptides, motifs and their (de-)regula-
tion (Figure 9). They form the basis for follow-up experiments. Motif
discovery by conventional ProP-PD has been established in the field
(65) and I extended its application to kinase domains. I further focussed
on the development of mutational ProP-PD as resource to assess condi-
tional motif-based PPIs, regulated by phosphorylation or deregulated
by genetic variation.

ProP-PD Bioinformatic predictions Mutational ProP-PD
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Paper | Paper Il + [l Paper IV

Figure 9: Illustration of the aim of this thesis, which encompasses finding binding
motifs of kinase domains by conventional ProP-PD (Paper I), as well as assessing
phospho-modulated motif-based PPIs (Paper II+III) or their deregulation by disease-
associated mutations (Paper IV).
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Summary of findings

The work presented here contributes to the exploration of conditional
motif-based PPIs in health and disease. At the core is the phospho-mod-
ulation of PPIs, which is addressed from different angles in Paper I-
III. First, in Paper I (Letter), substrate targeting of kinase domains
guided by SLiMs is explored by screening kinase domains in ProP-PD
experiments. Secondly, binding motifs found in the cytoplasmic tail of
host receptors of the severe acute respiratory corona virus 2 (SARS-
CoV-2) are, together with their modulation by phosphorylation, as-
sessed in Paper II. Since it has been proven a daunting task to link a
given phosphorylation event to its function, we further expanded phos-
phomimetic ProP-PD as a screening platform to allow for the large-
scale identification of phospho-modulated motif-based PPIs (Pa-
per III). Phosphomimetic ProP-PD served as a proof of concept-study
for the feasibility of mutational ProP-PD, which we extended in the fol-
lowing in Paper IV for the assessment of interactome changes caused
by genetic variation. This thesis is hence centred on the modulation of
motif-based interactions by serine/threonine phosphorylation, and ex-
pands to the development of mutational ProP-PD to assess conditional
interactome changes.

Paper I (Letter): Exploring peptide binding of kinase
domains by proteomic peptide-phage display

Protein phosphorylation is governed by the concerted action of kinases
and phosphatases, responsible for the addition or removal of the phos-
phate moiety on e.g. serine/threonine/tyrosine residues of the substrate
protein. The functional consequences of phosphorylation are manifold
ranging from protein activation, conformational changes or changes in
interaction partners, and phosphorylation orchestrates numerous cellu-
lar processes (30,96).
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This motivates the tremendous interest in elucidating kinase substrates
and strategies evolved by kinases to target them in the cellular pool of
possible substrate candidates. Serine/threonine/tyrosine kinases can be
subdivided based on their preferred phosphorylation site, which is de-
termined by the central phosphorylated residue and the flanking resi-
dues. Recently, a systematic peptide array-based study elucidated phos-
phorylation site-motifs for more than 300 serine/threonine kinases (55).
Beyond the phosphorylation site, substrate specificity can be increased
by the kinase engaging in interactions outside the catalytic cleft. These
additional interactions are mediated by either distal sites on the kinase
domain, distinct domains of the kinase (e.g. SRC Homology 2 (SH2)
domains of tyrosine kinases) or separate protein moieties such as the
cyclins of the cyclin-dependent kinases (CDKs) (Figure 10; (28)).

& P P

docking site auxiliary modular domains

Figure 10: Substrate interactions of kinases. This includes the phosphorylation site
and potentially interactions outside of the catalytical cleft, either on the kinase domain
itself or with the help of auxiliary modular domains. Figure modified from (28).

Taking the complexity of the phosphorylation event into account with
numerous regulators contributing to its precision, we here set out in a
broad fashion to sample kinase domains for their ability to bind pep-
tides. To this end, we screened 87 kinase domains from different kinase
groups through ProP-PD selections against the second generation dis-
orderome (HD2) library (Figure 11A). The library tiles the disordered
regions of the human proteome in 16 amino acid stretches and displays
them on the major p8 coat protein of the M13 bacteriophage. The pep-
tide-coding regions of successfully enriched phage pools were barcoded
and sent for NGS (67 kinase domains). The NGS results were filtered
according to previously established criteria including (i) reoccurrence
in replicate selection, (ii) overlapping peptides, (iii) motif matching and
(iv) NGS count numbers (65). This ranks the found binding peptides in
four confidence levels, among which medium and high confidence pep-
tides (confidence 2-4) are considered in the subsequent analysis. We
further increased the specificity filtering (= 0.4) and filtered out pep-
tides occurring in only one selection replicate. For the remaining 65
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kinase domains in the analysis, we found 1,148 binding peptides corre-
sponding to 1,046 interacting prey proteins (Figure 11B).

One main limitation is that the display does not discriminate between
the types of interaction the kinase domains can engage in. The binding
peptides might hence represent phosphorylation sites, docking sites or
even inhibitory peptides. Comparison with the phospho-proteomic data
assembled in the Ochoa et al. study (97) revealed that for the 457 com-
parable prey proteins, we found a match for 26 between the annotated
kinases in the Ochoa study and our bait kinase. In accordance with the
bias of the proteomics data towards CDKs and mitogen-activated ki-
nases (MAPKs), almost all matches were from these kinase families.

A screened against C 1004
the HD2 library

| VAW
60 -

successful in selections

found motifs for

hydrophobicity [%]
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v !
HD2 Kinase
library domains

) Yot

kinase
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n=65 ~ n=1148 ~ n=1046 n=16

kinase domains binding peptides interacting prey proteins previously reported
kinase - prey interactions

Figure 11: ProP-PD selections with kinase domains. A: Overview of the numbers
ofkinase groups used in and successful in selections against the HD2 library. B: Over-
view of the medium/high-confidence binding peptides from selections with 65 kinase
domains. C: Comparison of the hydrophobicity in % between the binding peptides
from selections with the kinase domains and the naive HD2 phage library.

The found binding peptides were in average more hydrophobic (47%)
than the naive library (37%) (Figure 11C), which is also reflected by
the binding motifs established for eight kinase domains, among which
five are, to our knowledge, novel. We validated binding peptides and
motifs for six kinase domains by fluorescence polarisation experiments,
which returned, with a few exceptions, affinities in the high micromolar
range. Among the interactions tested, I will highlight in the following
the binding of the peripheral plasma membrane protein CASK (CASK)
and MAPKS kinase domain.
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There is scarce information on CASK kinase activity and its major func-
tion is, as scaffolding protein, to recruit other proteins to the plasma
membrane (98,99). Through the ProP-PD selections, we identified the
CASK kinase domain to bind to a [ILPV]W-motif (Figure 12B), which
matches binding sites from previous reports and the motif reported in
the ELM database (18,19,100,101). Among the prey proteins were sev-
eral with shared gene ontology terms, such as Period circadian protein
homolog 2 (PER2), as well as reported binders, such as Caskin-1
(CASKINT1) (Figure 12C).
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Figure 12: The CASK kinase domain acts as peptide-binding domain. A: Domain
structure of CASK. B: Consensus motif established by the ProP-PD selections to-
gether with aligned peptides used in fluorescence polarisation experiments. C: Net-
work of prey proteins with shared gene ontology terms with CASK. Orange with a
dot indicates previously reported interactors. Straight lines indicate that the consensus
motif was found and the confidence of the binding peptide (2-4) is encoded by the
circle size. D: Fluorescence polarisation experiments. Left: Saturation experiments
with the FITC-labelled PER2,13,.1143 peptide. Right: Displacement experiments with
the SPATA2351.366, TP5316.31, PER21130-1145 and PPP1R16B435.453 peptides.
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We measured the affinities for a selected set of peptides and found them
to bind within an affinity range of 1.6-100 uM, with the SPATA23s1-366
peptide (Spermatogenesis-associated protein 2) as the highest affinity
binder (Figure 12B, D). Our findings support hence the notion that the
CASK kinase domain has evolved as dedicated peptide-binding domain
contributing to the scaffolding function of CASK. Of note, I performed
co-immunoprecipitation experiments between SPATA2 and CASK
full-length proteins, which looked promising but the results were not
clean enough in comparison to the negative control to draw definite
conclusions.

MAPKS is activated in response to environmental stimuli and cytokines
and acts as an important regulator of signal transduction (102,103). Of
all kinase domains, docking interactions of the MAPK kinase domains
are characterised in most detail and described as D-motifs in the litera-
ture (28). The ProP-PD selections established a matching RPxLx[LI]-
motif for the MAPKS8 kinase domain (Figure 13B). We found known
interactors, such as WD repeat-containing protein 62 (WDR62), and
also prey proteins annotated as MAPK substrates in the phospho-prote-
omics dataset assembled by Ochoa et al. (97), e.g. Eukaryotic transla-
tion initiation factor 2-alpha kinase 3 (EIF2AK3). For the affinity meas-
urements, we selected peptides from WDR62 (WDR621252-1297) and
EIF2AK3 (EIF2AK3ss0-s68) for the displacement experiments and
found them to bind with affinities in the low uM range, < 0.2 uM and
3.2 uM respectively (Figure 13D). In contrast, mutation of the motif-
critical residues in the EIF2AK3ss0-s68 peptide reduced the affinity to
> 100 uM (EIF2AK3 dockmut; Figure 13D).

We next asked whether the EIF2AK3ss0-368 peptide presents a sub-
strate of MAPKS, and if so whether S856 is the site being phosphory-
lated. For assessing MAPKS kinase activity, we used a commercial ki-
nase assay relying on the coupled activity of a phosphatase on the re-
leased ADP and concomitant detection of the free phosphate. We used
different versions of the EIF2AK3ss0-s6s peptide, including the S§56A
mutant (EIF2AK3 S856A) and the docking mutant (EIF2AK3 dock-
mut), as substrates at 0.9 mM concentration and found for all of them
weak phosphorylation activity (~26 pmol/min/pg, Figure 13E). This
was surprising for the EIF2AK3 dockmut peptide due to the weak af-
finity found in the fluorescence polarisation experiment, but we hypoth-
esise that there is sufficient binding at 0.9 mM peptide concentration
for the phosphorylation reaction to occur. We also concluded that the
S856 is not the relevant or exclusive phosphosite in the EIF2 AK3ss0-s68
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peptide, since we detected no difference in phosphorylation activity for
the EIF2AK3 S856A peptide.
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Figure 13: ProP-PD retrieves a classical D-motif for MAPKS. A: Domain structure
of MAPKS. B: Consensus motif established by the ProP-PD selections and aligned
peptides used in fluorescence polarisation experiments. C: Network of prey proteins
with shared gene ontology terms with MAPKS8. Orange with a dot indicates previously
reported interactors and a blue circle indicates that the prey protein is a MAPK-sub-
strate in the Ochoa data set (97). Straight lines indicate that the consensus motif was
found and the confidence (2-4) is encoded by the circle size. D: Fluorescence polari-
sation experiments. Left: Saturation experiments with the FITC-labelled WDR62 236.
1297 peptide. Right: Displacement experiments with the WDR62i28:.1297 and
EIF2AK3ss0.363 peptides. E: MAPKS8 phosphorylation activity for the different
EIF2AK3ss0.36s peptides. Read-out was at 620 nm measuring the malachite-phosphate
complex formation, formed with free phosphate released from the coupled phospha-
tase activity on ADP.
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In conclusion, we here sampled the peptide-binding properties of 87 ki-
nase domains through a ProP-PD experiment and judge the result as
heterogenous among the kinase domains. The increased hydrophobicity
of the binding peptides for the kinase domains evokes caution since it
might be associated with non-specific binding. Nevertheless, we
demonstrate the validity of the hydrophobic interactions of a selected
set of kinase domains by affinity measurements. We hypothesise that
the ProP-PD selections return in large potential docking interactions
due to the hydrophobicity and the high micromolar affinity range ob-
tained. It can be envisioned that spot arrays could be deployed to sample
the binding of the kinase domains to our binding peptides more system-
atically. Besides, it is pivotal to validate the interactions and the im-
portance of the motif for it in the context of the full-length proteins.

Of note, this letter on kinase domains will be part of a larger study,
titled “Towards the human motif map”, which samples the peptide bind-
ing properties of various domain families. This will include WW or
SH3 domains, which have evolved as dedicated peptide binders. In
comparison, the ProP-PD results here suggest that while some kinase
domains clearly contribute to substrate/ interactor targeting, such as the
CASK and MAPKS kinase domains, other kinase may in turn rely on
alternative strategies.

Paper II: Phospho-modulation of the binding motifs
harboured by the cytoplasmic tails of SARS-CoV-2 host
receptors

SARS-CoV-2 has, as the biological agent of the coronavirus disease 19,
been extensively studied within the recent years. Much effort has, up to
now, been invested in understanding its biology and infection mecha-
nism. Mészaros ef al. set out in their bioinformatic study to investigate
potential SLiMs harboured by the C-termini of the host cell receptor,
the angiotensin converting enzyme 2 (ACE2), and the (putative) recep-
tor integrin B3 (ITGB3). The aim was to shed light on binding/signal-
ling events downstream of the receptor binding in physiological condi-
tions and potentially during SARS-CoV-2 infection (104). Our contri-
bution to this effort, as represented by Paper II, was to experimentally
test the binding of the bioinformatically predicted motifs in the C-ter-
mini of ACE2 and ITGB3 to their respective binding domains.

To this end, we purified protein domains and measured their affinity
for short synthetic peptides derived from ACE2 or ITGB3 by
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fluorescence polarisation measurements. Particular focus was on the
phospho-modulation of binding. Among the motifs tested was an over-
lapping motif for both AP2M1 and SH2 domains in ACE2, which was
proposed to be regulated by Y781 phosphorylation (Figure 14A, in
green), as well as a phospho-modulated LIR motif for the ATGS8 pro-
teins in ITGB3 (Figure 14B, in blue).

A ACE2 C-terminus

773- KARSGENFYASIDISKGENNPGEQNTDDV QIS B0

B ITGB3 C-terminus
766- DTANNPLYKEATS THIMIT YRGT-COO-

Figure 14: C-termini of ACE2 (A) and ITGB3 (B) with the tested peptides harbour-
ing the different putative binding motifs highlighted by colour. Green: overlapping
motif for AP2M1, SH2 domains and ATGS proteins. Purple: FERM (4.1 (F) protein,
ezrin, radixin and moesin) domain binding motif. Orange: C-terminal class I PDZ
binding motif. Blue: LIR motif for ATGS8 proteins. Figure modified from (105).

Both direct binding (saturation) and displacement experiments were
performed throughout the study. First, for the unphosphorylated
ACE2775-790 C-terminus, we could demonstrate the binding of AP2M1
with a Kp-value of 100 uM, which is within the range of previous re-
ports (106,107). In accordance with its cognate binding motif (Yxx®),
phosphorylation of Y781 in the ACE2775-790 peptide abolished the bind-
ing of the domain (Figure 15A). Since, we could not detect any inter-
action of the NCK Adaptor Protein 1 (NCK1) SH2 domain with the
ACE2775-790 peptide tested (Figure 15A), we next sampled the binding
of the Tyrosine-protein kinase Fyn (FYN) SH2 domain to the FITC-
labelled versions of the ACE2775-790 C-terminus (Figure 15B). The
FYN SH2 domain bound to the pY781 ACE2775-790 C-terminus with
7 uM affinity, but showed no binding to the unphosphorylated or pS783
peptide (Figure 15B). Due to the low solubility of AP2M1, we could
not obtain binding curves of good quality for the FITC-labelled
ACE2775-790 peptides. Nonetheless, it shows the preference of the do-
main for the unphosphorylated ACE2775-790 peptide over the pY781
ACE2 peptide (Figure 15B). Taken together, we confirm here an over-
lapping binding site in the ACE2775-790 C-terminus for AP2M1 and the
FYN SH2 domain, which is regulated by Y781 phosphorylation.
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As part of the clathrin adaptor AP2 (108), AP2M1 could act to recruit
the endocytic machinery upon virus infection by binding to the
ACE2775-790 C-terminus, whereas FYN, as tyrosine kinase involved in
cytoskeletal rearrangements (109), can be envisioned to facilitate viral
entry by remodelling the actin cytoskeleton.

Secondly, we explored the phospho-modulation of the putative LIR
motif in the C-terminus of ITGB3 (Figure 15C). To this end, we tested
the binding of the ATGS8 proteins MAPILC3A, -B, -C and
GABARAPLI1 and L2 to peptides from ITGB3 (ITGB3774-787) sampling
phosphorylation of several residues, including T777, S787, T779 and
Y785. The ATGS proteins did not bind the unphosphorylated ITGB3774-
787 peptide (Figure 15C) but the affinity was considerably enhanced by
phosphorylation on Y785 or S778. The double phosphorylation at T779
and Y785 had the most pronounced effect on binding and MAP1LC3A
and -B bound the pT779/pY 785 ITGB3774-787 peptide with 8.5 uM and
15 uM affinity respectively. We could hence conclusively show that
phosphorylation of the ITGB3774.787 peptide enhances ATGS8 protein
binding and elucidate on the synergistic effect of the T779 and Y785
phosphosites. By validating the phospho-dependent LIR motif in the
ITGB3 tail, we demonstrate a potential direct link between ITGB3, in-
tegrin-mediated signalling and the autophagic pathway.

The study sheds light on the phospho-modulation of binding which gov-
erns the interaction of the ACE2 and ITGB3 cytoplasmic tails with pos-
sible downstream binders. Several layers of evidence, such as the inter-
actions in the cellular setting and activation of the different downstream
pathways, are however required to show the biological relevance of the
binding events sampled in our study as well as their contribution to viral
infection. For instance, a following study showed in an animal model
and in cell culture that SARS-CoV-2 infection down-regulates ACE2
by endocytosis dependent on clathrin and AP2 (110). This supports our
finding of AP2M1 binding to the ACE2 C-terminus. Another follow-up
study focused on the PDZ-binding motif in ACE2, which we found with
high affinity to bind to sorting nexin 27 (SNX27), and the SNX27-retro-
mer was shown to route the ACE2/SARS-CoV-2 complex to the early
endosome preventing virus cell entry (111,112). In contrast, it has also
been reported that SARS-CoV-2 entry does not essentially rely on the
ACE2 C-terminus in HEK293T cells (113). I came to believe that
SARS-CoV-2 research has been moving tremendously fast in the past
years and it will consequently take considerable time to put all the
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puzzle pieces together and determine the relevant mechanistic details of
its infection route.
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Figure 15: Fluorescence polarisation curves assessing the binding of protein do-
mains to the C-termini of ACE2 and ITGB3. A: Displacements curves of AP2M1
and NCK1 SH2 domain with unphosphorylated and pY781 ACE2775_799 peptides. B:
Saturation curves of AP2M1 and FYN SH2 domain with FITC-labelled pY 781, pS783
and unphosphorylated ACE2775_799 peptides. C: Displacements curves of MAP1LC3A
and -B ATGS proteins with unphosphorylated, pT779, pT779pY 785, pS778, pT777
and pY785 ITGB3774.77 peptides. Figure modified from (105).

35



Paper III: Large-scale phosphomimetic screening
identifies phospho-modulated motif-based protein
interactions

Phosphorylation can, as elaborated above, impact motif-based PPIs by
acting as binding switch or by fine-tuning affinities between interaction
partners (28). Mass spectrometry-based approaches have identified
hundreds of thousands of phosphosites (114) and the challenge at hand
is to attribute functionality to them, since a majority of the follow-up
methods are low-throughput. In order to elucidate the phospho-modu-
lation of motif-based PPIs, the Ivarsson lab has previously developed
phosphomimetic ProP-PD (81). The approach is based on the approxi-
mation of phosphorylated serine and threonine by glutamate for a given
phosphosite, so that every peptide in the phage library exists as wild-
type and phosphomimetic version. From the NGS results, it is then pos-
sible to establish binding preferences of the bait protein domains for
either the wild-type or phosphomimetic peptide. This pinpoints the pu-
tative phospho-modulation of the interaction and simultaneously possi-
ble interactors. In their initial screen, they used a small C-terminal li-
brary and investigated the phospho-modulated binding of PDZ domains
(81).

Here, we present a novel design of the phosphomimetic phage library
to identify putative phosphosites impacting interactions of a variety of
different bait protein domains in large-scale. For the design, we com-
bined the functionally prioritised phosphosites, defined by Ochoa et al.,
with the unstructured regions of the human proteome, as defined by the
HD?2 library (Figure 16A; (65,97)). The phage peptidome is displayed
in fusion with the major coat protein p8 of the M 13 bacteriophage. The
PM_HD2 library covers 13,539 phosphosites from 6,246 prey proteins,
of which 65% and 0.5% are associated with a kinase or phosphatase,
respectively (Figure 16B). In comparison to the previous C-terminal
phosphomimetic phage library, the PM_HD?2 library offers the possi-
bility of screening a variety of different protein domains. Among the
domains tested were obligate phospho-binders, such as the 14-3-3 do-
mains, known binders of the HD2 library and domains for which the
phospho-modulation of binding has previously been reported (Figure
16C). Of the in total 71 bait protein domains, selections of 54 were suc-
cessful as judged by phage pool ELISA. The phage pools were PCR-
barcoded and the amplicons sent for NGS. The obligate phospho-bind-
ers notably failed in the selections (six out of ten failed), showing either
no enrichment of the phage pools or returning, when sent for NGS, low-
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confidence peptides. This is in line with the strict requirement of those
domains for the phosphate moiety, and prompted us to focus on the bait
protein domains, the binding of which may be modulated by but is not
strictly dependent on phosphorylation. The NGS results were analysed
for in total 54 bait protein domains (Figure 16C) and peptides were
filtered for medium- and high-confidence peptides according to the pri-
oritisation criteria established for the HD2 library (65) and described in
Paper 1. In total, we found, for the 54 bait protein domains, 895 inter-
acting peptides, which corresponded to 537 interactors and 884 PPIs, of
which 144 were previously reported (71 by selections with the HD2 li-

brary).
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phomimetic mutation. B: Parameters of the PM_HD?2 library. C: Bait protein domain
collection screened against the PM_HD?2 library (left) and sent for NGS (right). Figure
modified from (115).
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We further improved the NGS analysis pipeline of the phosphomimetic
phage display. Overlapping peptides reporting on the same phosphosite
were, to this end, collapsed, so that the mean effect of the phosphomi-
metic mutation at a given position is considered (Figure 16A). In order
to evaluate the effect of the phosphomimetic mutation for the collapsed
domain-phosphosite pairs, we calculated the (phosphomimetic) enrich-
ment score, as indicated by the following equation, which is based on
the NGS counts of wild-type and phosphomimetic peptides.

ncipm ¥ ncly

— Equation 3

Enrichment score = )il j—
nc! wt+nclpm

wt +ncipm 1=0 i
with:
nc' = normalised sequencing count of wild-type

nc' = normalised sequencing count of phosphomimetic

In addition, a Mann-Whitney test was performed to attribute statistical
power to the differences in the NGS counts between wild-type and mu-
tant peptide pairs. Together, those evaluation metrics give rise to a V-
shaped plot, in which the left arm (blue) represents cases in which the
phosphomimetic mutation is disruptive, and the right arm (orange)
cases in which it enhances the interaction. For defining a high confi-
dence dataset of phosphosites impacting binding, we chose an absolute
phosphomimetic enrichment score cut-off > 2, as well as a p-
value < 0.01 or £0.001 for the Mann-Whitney test. We found 248 do-
main-phosphosite pairs (for p < 0.01; for p < 0.001: 86 interactions) to
be significantly modulated by the phosphomimetic mutation, with an
equal contribution of enabling and disabling effects (Figure 17A).
Next, we sought to validate the binding preferences established in the
display by affinity measurements using fluorescence polarisation. We
sampled in total 32 interactions of 11 protein domains, covering a phos-
phomimetic enrichment score range from -15 to 14 and measuring the
binding of the respective wild-type, phosphomimetic and phosphory-
lated peptides in displacement experiments. When correlating the fold-
change in affinity of the wild-type/phosphomimetic or wild-type/phos-
phorylated peptides, we observed a near two-fold difference indicating
that the phosphorylated peptide confers a more pronounced effect on
binding in comparison to the phosphomimetic peptide (Figure 17B).
This was true for interactions enabled or disabled by phosphorylation,
and might represent the differences in net charge or molecular geometry
between glutamate and the phosphate group. This is exemplified by the
interaction between MAP1LC3A ATGS and the TPD52Lo1-106 peptides,
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where the S96 peptide bound with 20 uM, the phosphomimetic with
78 uM and the wild-type with > 200 uM affinity (Figure 17C). One
exception to this observation is on the other hand the binding of SNX27
PDZ domain to the DAXXGe06-616 peptide, for which the phosphomi-
metic mutation promoted the affinity more than the phosphorylated
peptide (Figure 17C).
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Figure 17: Phosphomimetic phage display results and validation at the peptide
level. A: V-shaped plot of the domain-phosphosite pairs with their phosphomimetic
enrichment score and plotted against the p-value of the Mann-Whitney test. Blue in-
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which phosphorylation had a more pronounced effect (MAP1LC3A ATGS) or less
pronounced effect (SNX27 PDZ) on binding than the phosphomimetic mutation. D:
Phosphomimetic enrichment score of the domain-phosphosite pairs plotted against the
log-fold change in affinity between wild-type and phospho-peptides (red: interactions
indicated as enabled in the display and blue: disrupted interactions; darker shade: p-
value < 0.001, lighter shade: p-value < 0.01). Figure modified from (115).
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For evaluating the performance of the phosphomimetic phage display
in indicating the impact of phosphorylation on binding, we correlated
the interactions with an absolute phosphomimetic enrichment score cut-
off > 2, as well as a p-value <0.01 or <0.001, to the fold-change in
affinity of the wild-type/phosphorylated peptides (Figure 17D). For 14
out of the 18 interactions (78%) within the chosen cut-off values (p-
value < 0.01; for p-value < 0.001: 9 out of 11 interactions), we found
the phage display to correctly reflect preferences for either wild-type or
phosphorylated peptide, as judged by a, at least, two-fold difference in
affinity (Figure 17D). I consider a 78% positive rate as fair given the
approximation of phosphorylation by phosphomimetics in the phage li-
brary.

In the following, we focused on the binding of the clathrin NTD to a C-
terminal peptide of HURPs32-846 (Hepatoma-upregulated protein),
which was indicated by the display to be enhanced by the phosphomi-
metic mutation (and phosphorylation) at S839. We confirmed the bind-
ing preference by fluorescence polarisation and isothermal titration cal-
orimetry, which found the clathrin NTD to bind the pS839 HURPs32-846
peptide with ~5 uM Kp, whereas the wild-type (unphosphorylated)
peptide bound with > 100 uM Kp (Figure 18A, B). Co-crystallisation
of the domain with pS839 HURPs26-846 peptide elucidated the prefer-
ence structurally, as the phosphate moiety is clamped between two basic
residues (R64 and K96) in the binding pocket 1 on the clathrin NTD
(Figure 18C).

Since the predicted kinase for this interaction is CDK1 and both
clathrin and HURP have reported roles in mitosis (116,117), we turned
to assess the interaction of the full-length proteins in asynchronous and
mitotic HeLa cells. For this purpose, cell lines inducibly expressing
YFP-tagged wild-type and C-terminal truncated (Amut) HURP were
generated and the interaction with endogenous clathrin probed in a
GFP-trap experiment. First, we could demonstrate that the interaction
between clathrin and wild-type HURP occurs only in mitotic and not in
asynchronous HeLa cells (Figure 18D). Secondly, truncation of the
HURP C-terminus, which harbours the clathrin binding motif, abolishes
the interaction (Figure 18D).

In order to show the dependency of clathrin binding on HURP phos-
phorylation, we generated the S§39A HURP mutant and probed again
for co-immunoprecipitation of clathrin in mitosis. Similar to
Amut HURP, S839A HURP did not pull-down clathrin pinpointing the
importance of the phosphosite for the interaction (Figure 18E).
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Moreover, we assessed the behaviour of the different HURP constructs
during mitotic progression by an RNA interference experiment (Figure
18F). It has been reported that HURP knockdown results in mitotic de-
lay (117), i.e. in prolonged time from nuclear envelope breakdown to
anaphase, which we could reproduce in our experiment (median time
control: 45 min and median time knockdown: 69 min). Re-expression
of wild-type HURP in a background of endogenous HURP knockdown
rescued the phenotype (median time: 55 min), whereas re-expression of
Amut or S§39A HURP maintained the delay of the knockdown (median
time Amut: 71 min and S839A: 64 min). We hence conclusively
demonstrated that clathrin binding and S839 HURP phosphorylation
are required for the mitotic function of HURP (Figure 18G).

Overall, we demonstrated that the binding preference indicated by the
phosphomimetic ProP-PD screen were in good agreement with the af-
finity measurements on the peptide level and, as showcased with the
clathrin-HURP interaction, in context of the full-length proteins. The
PM_HD2 phage library presents hence a convenient resource to screen
for the putative phospho-modulation of binding from various bait pro-
tein domains against thousands of different phosphosites. As with all
phosphomimetic experiments, follow-up experiments including actual
phosphorylation (here: phosphorylated peptide) are required for valida-
tion. Nonetheless, phosphomimetic ProP-PD offers the advantage of a
sensible library design and feasibility for high-throughput, which al-
lows to identify phosphosites impacting motif-based PPIs and facili-
tates to contextualise phosphosite functionality.
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Figure 18: Importance of S839 HURP phosphorylation for its interaction with
clathrin and mitotic function. A: Displacement experiments of clathrin NTD with
wild-type, phosphomimetic, phosphorylated and C-terminal phosphorylated
HURPs32-846 peptides. B: Isothermal titration curves of clathrin NTD with wild-type
and phosphorylated HURPs3,.346 peptides. C: Domain structure of clathrin and crystal
structure of clathrin NTD with the phosphorylated HURPs26.346 peptide bound to the
binding pocket 1. Close view of the charge representation of binding pocket 1. D: Co-
immunoprecipitation of YFP only, YFP-tagged wild-type or Amut HURP with endog-
enous clathrin in asynchronous and mitotic HeLa cells. E: Co-immunoprecipitation
of YFP only, YFP-tagged wild-type, Amut or S839A HURP with endogenous clathrin
in mitotic HeLa cells. F: Representative images of the time-lapse microscopy of the
RNA interference experiment knocking down HURP and re-expressing wild-type,
Amut or S839A HURP. G: Single cell representation of the time required to progress
through mitosis for control, knockdown, wild-type, Amut or S839A HURP (n= 2).
NEBD: nuclear envelope breakdown, Ana: anaphase. Figure modified from (115).
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Paper IV: Mutational proteomic peptide-phage display
elucidates genetic variation impacting protein binding

High-throughput sequencing approaches have identified a plethora of
missense mutations in the human genome and bridging the gap between
genomic information and consequences on the protein level presents as
bottleneck for the prioritisation of the mutation data (34,36). An emerg-
ing theme among the functional consequences is the perturbation of
PPIs and the networks they form (42-45,47). In line and in context of
motif-based PPIs, approximately 22% of disease-associated mutations
map to intrinsically disordered regions and occur within SLiMs more
frequently than neutral mutations (118,119).

We here set out to explore the impact of genetic variation as represented
by non-synonymous SNVs on motif-based PPIs by using our muta-
tional ProP-PD approach (Figure 19A). The genetic variation (Gen-
Var ) HD2 library combines the unstructured regions of the human pro-
teome, as defined by the HD2 library (65), with missense mutations re-
ported across different databases (e.g. COSMIC and ExAC). The phage
peptidome is displayed in fusion with the major coat protein p8 of the
M13 bacteriophage. The total 12,301 mutations from 1,915 prey pro-
teins are represented as 36,479 pairs of wild-type and mutant peptide
pairs in the GenVar_ HD?2, where multiple pairs cover individual muta-
tions (Figure 19B). We categorised the diseases associated with the
mutations in eleven disease categories, such as neurological, metabolic
and musculoskeletal diseases, as well as cancer. Of note, a considerable
part of the diseases was classified into more than one category (mixed
category, e.g. metabolic & cancer) (Figure 19C).
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Figure 19: Design and phage selections with the GenVar_HD2 library. A: Outline
of the design of the library, its generation, use in selection and analysis of the NGS
results. B: Parameters of the GenVar HD2 selections. C: Categorisation of the dis-
eases underlaying the different mutations. In the mixed category, mutations belong to
more than one disease category and their distribution is detailed in the lower panel.

After initial phage selection rounds with 91 bait protein domains, we
selected 80 domains based on phage pool ELISA results for selection
in 5-6 replica against the GenVar HD?2 library to gain statistical confi-
dence in the following NGS analysis. Binding peptides were ranked ac-
cording to the established criteria described above (medium/high-con-
fidence ligands; confidence 2-4; Paper I) and we found for the 80 bait
protein domains (+ 2 control proteins) 2,223 domain-peptide interac-
tions, which map to 1,229 PPIs, of which 106 have been previously re-
ported. The binding peptides were in the following collapsed on the
mutation site, according to the analysis pipeline of the PM_HD?2 selec-
tions (Paper III) and in order to infer the average effect of a given mu-
tation on binding across the different wild-type/mutant peptide pairs.
Further, the mutation enrichment score was calculated in the same
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fashion as the phosphomimetic enrichment score (see Equation 3) and
significant differences in the NGS counts of wild-type/mutant peptide
pairs were derived based on the Mann-Whitney test. For our bait protein
domain collection, this gave rise to 1,787 domain-mutation pairs of
which we considered 367 to be significantly modulated by the mutation
(p £0.001 of the Mann-Whitney test), with half indicated as enhanced
and half as diminished by the mutation. This is visualised by plotting
the mutation enrichment scores of the domain-mutation pairs against
the p-value of the Mann-Whitney test, which creates a V-shaped plot
(Figure 20A). The left arm in blue represents the interaction pairs
where the mutation diminishes/breaks the interaction, and the right arm
in red the cases in which the mutation enhances or creates the interac-
tion.

In order to determine whether the binding preferences indicated by
phage selection with the GenVar HD2 (p <0.001 of the Mann-Whitney
test) translate to differences in affinity, we tested the binding of 24 wild-
type and mutant peptide pairs to their respective bait protein domain (15
domains in total) by fluorescence polarisation experiments. We found
19 out of the 24 cases (79%) to be in accordance with preferences of
the phage selections, as judged by at least two-fold change in affinity
(Figure 20B). This compares well with the results of the PM_HD?2 li-
brary and confirms mutational ProP-PD as appropriate screening
method to identify binding difference on the peptide level.

We further noticed that contextualising the mutation to the binding
motif of the bait protein domain facilitates our data prioritisation. We
found that 13 out of 15 of the domain-mutation pairs (87%), where the
mutation occurs within key residues and which were tested in affinity
measurements, were positively correlated with the preferences of the
phage display. Based on this observation, we decided to map the motif
instances of the bait protein domains to the binding peptides of the dis-
play and subsequently mapped the mutation position in relation to the
motif. This resulted in four mutation categories for the cases, in which
a motif instance was found: mutations occurring in key residues, in
wild-card positions or in flanking regions, as well as mutations creating
the motif instance. Based on this, we defined a high-confidence set of
mutation-modulated interaction pairs with the mutation occurring in
key residues of the motif instance or creating the motif instance (99 out
of 367 domain-mutation pairs).
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Finally, we mapped back the diseases associated with the different mu-
tations, which were found to modulate interactions with our bait protein
domains. For the domain-mutation pairs modulated by the mutation and
within our disease categorisation, we found 42 pairs linked to neurolog-
ical diseases, 30 linked to cancer, 28 linked to musculoskeletal diseases
and 84 within the mixed category (Figure 20C).

Due to the heterogeneity of the linked diseases, it is challenging to
draw overarching conclusions of the GenVar HD2 selections and I will
instead highlight in the following observations and findings. For the
mutations enhancing the binding of the bait protein domains in the
phage selections, we found several linking to autophagy, scaffolding
and trafficking. One example includes the R723W MAPT (Microtu-
bule-associated protein tau) mutation, associated with frontotemporal
dementia and Parkinson’s disease, which creates a partial binding site
for the CASK kinase domain. While there is good accordance between
the phage display preferences and the affinity measurements on the pep-
tide level, validation of the binding effect of the enabling mutations in
context of the full-length proteins proved challenging. We hypothesise
that the de novo generated binding motifs tested may not be competitive
enough to prevail in the pool of endogenous ligands, particularly when
sampled in stringent co-immunoprecipitation experiments. Their bio-
logical relevance might also only be revealed in a cellular setting re-
sembling the disease state more closely, for example within the context
of multiple cancer-associated mutations in the same protein or other
proteins.

Of note, we found that 20% of the domain-mutation pairs indicated
as disrupted by the mutation map to previously reported PPIs. Among
those we note several PPIs involving E3 ligases, the function of which
is to transfer ubiquitin to their substrate proteins, targeting them for ex-
ample for proteasomal degradation (120). For instance, the E3 ubiquitin
protein ligase NEDD4 (NEDD4) and/or NEDD4-like (NEDDA4L) re-
portedly interact with and regulate the turnover of the Amiloride-sensi-
tive sodium channel subunit beta (SCNN1B) (121,122). Mutation of
SCNNI1B is associated with Liddle’s syndrome, a cardiovascular disor-
der characterised by hypertension due to elevated Na** transport by
SCNNIB (123). On the molecular level, it has been proposed that the
loss of NEDD4 binding on account of SCNNBI1 mutation within the
PPxY WW domain binding-motif results in increased cell surface ex-
pression of SCNN1B (124). In line and extending on the mutations af-
fecting WW domain-binding, we found in our phage selection that the
P616S/R, P617S, P618R and Y620H SCNNB1 mutations diminish the
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binding of NEDD4 WW2 domain. We confirmed the disrupting effect
of the P616R and P618R mutation in affinity measurements using flu-
orescence polarisation (P616R: two-fold decrease, P618R: 15-fold de-
crease; Figure 21A).
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Figure 21: Exploring PPIs disrupted by disease-associated mutations. A: NEDD4
WW?2 domain binding motif as established by selections with the HD2 library, the
aligned SCNN1Be11-626 peptide with the mutations found to disable binding in the
GenVar HD?2 selections and displacement curves of fluorescence polarisation exper-
iments with wild-type, P616R and P618R SCNN1Bg¢;1-626 peptide. B: KEAP1 KELCH
domain binding motif as established by selections with the HD2 library, the aligned
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ments with wild-type and P348L SQSTM 1343.356 peptide. C: Co-immunoprecipitation
of GFP-tagged KEAP1 with wild-type and P348L Myc-tagged SQSTM1 in HelLa
cells.
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Within our phage selections we found several mutations in NFE2L2
(substrate nuclear factor erythroid-derived 2-like 2), mapping to the
TGE-motif, which abolish binding to the Kelch-like ECH-associated
protein 1 (KEAP1) KELCH domain. NFE2L2 is an important transcrip-
tional regulator in response to oxidative stress and its levels are regu-
lated by the interaction with KEAP1. Loss of the interaction results in
increased NFE2L.2 levels and resistance of cancer cells to reactive ox-
ygen species (125). In line, we find for instance the E79Q and E79L
mutation, associated with cancer, at the p-1 position of the TGE-motif
indicated to diminish the interaction with the KEAP1 KELCH domain.
Selections with the GenVar HD2 library identified moreover the
P348L SQSTMI mutation as disruptive for KEAP1 KELCH binding,
which was proposed in an earlier study (126) and which we confirmed
by affinity measurements and in co-immunoprecipitations (Figure
21B, C). The P348L SQSTM1 mutation is linked to frontotemporal de-
mentia and/or amyotrophic lateral sclerosis (126,127) and the loss of
KEAP1 binding was proposed to result in augmented turnover of
NFE2L1 by KEAPI and hence reduced transcription of anti-oxidative
genes (126). Overall, we can demonstrate that selections with the Gen-
Var_HD?2 identify and confirm deregulation of E3 ligase interactions as
a consequence of disease mutation. The associated altered turnover of
the target proteins may contribute to various diseases.

We also explored the interactions of the KPNA4 ARM domain, mod-
ulated by disease-associated mutations, which may impact the nuclear
localisation and hence functionality of the mutant prey proteins. Among
those, I will highlight the R157C mutation in CDC45 indicated in our
display to disrupt the binding to the domain. The mutation is found at
the p+2 position of the KR-motif of the KPNA4 ARM domain and is
linked to the Meier-Gorlin syndrome, a developmental disorder charac-
terised by short stature. We confirmed in affinity measurements with
wild-type and R157C CDC45152-166 peptides that the mutation confers
a 70-fold decrease in affinity for the KPNA4 ARM domain (Figure
22A). The co-immunoprecipitation experiments of wild-type CDC45
with KPNA4 were however unsuccessful, which we rationalise with the
importin alpha isoforms binding to similar motifs but nuclear translo-
cation in cases to be importin alpha-specific (128-130). Hence, we
moved on to testing possible interactions with five other importin alpha
isoforms, among which we find KPNA7 to co-immunoprecipitate with
wild-type CDC45 and the binding to be abolished by the R157C muta-
tion (Figure 22B).
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Figure 22: R157C CDC45 mutation impairs nuclear import. A: KPNA4 ARM
domain binding motif as established by selections with the HD2 library, the aligned
CDC4555-166 peptide with the mutation found to disable binding in the GenVar HD2
selections and displacement curves of fluorescence polarisation experiments with
wild-type and R157C CDC45;s;.166 peptide. B: Co-immunoprecipitation of EGFP-
tagged wild-type and R157C CDC45 with T7-tagged KPNA7 in HEK293T cells. C:
Representative confocal images of EGFP-tagged wild-type and R157C CDCA45.
Green: EGFP signal, blue: Hoechst staining used to indicate the nuclei.
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In addition, assessment of the cellular localisation by confocal micros-
copy revealed that wild-type CDC45 localises to the nucleus whereas
R157C CDC45 shows a more cytoplasmic localisation (Figure 22D).
Of note, KPNA7 is proposed to play a role in embryogenesis and
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development (131-133). This, together with the R157C CDC45 muta-
tion being linked to a developmental disease, might hint at the im-
portance of the KPNA7-CDC45 interaction during developmental
stages. We could hence identify, through selections with the Gen-
Var HD2 library, a novel interaction between KPNA7 and CDC45,
which is perturbed by the disease-associated R157C CDC45 mutation.

To summarise, I extended in this study the approach of mutational
ProP-PD to sample the impact of genetic variation, as represented by
non-synonymous SNVs, on protein binding. Selection with the Gen-
Var HD?2 library indicates mutations affecting binding on the peptide
level, which is true for both enhancing/creating and diminishing/dis-
rupting mutations. We could further validate the binding effect of se-
lected disruptive mutations in context of the full-length proteins. In
comparison to low-throughput methods dissecting individual muta-
tions, selection with the GenVar HD?2 library offers the advantage to
identify mutations resulting in altered protein binding in large-scale by
challenging a bait protein domain simultaneously with thousands of
wild-type/mutant peptide pairs. Since the sampled mutations are linked
to the diseases, it can be envisioned to use the information from the
GenVar HD?2 selection as starting point to investigate the molecular
mechanism of a given mutation and its contribution to disease progres-
sion.
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Conclusion

My thesis work has been dedicated to the understanding of motif-based
PPIs with particular focus on conditional interactions modulated by
phosphorylation or impacted by genetic variation. I investigated motif-
based PPIs orchestrating the phosphorylation code of binding, involv-
ing kinases, phosphatases and phospho-binding domains, from different
angles. This included screening various kinase domains in a conven-
tional ProP-PD experiment to find binding peptides contributing to sub-
strate targeting of the kinase domains. We hypothesise based on the hy-
drophobicity of the binding peptides that the selections mainly retrieve
docking interactions, which are interactions distal of the catalytical
cleft. This can, in combination with phosphorylation-site motifs deter-
mined by other methods, shed light on kinase-substrate relationships.

From the perspective of the interpreter of the phosphorylation code,
we investigated the phospho-modulated binding of protein domains on
the basis of either bioinformatic predictions or phosphomimetic ProP-
PD. While phosphorylation can act as switch, either creating (e.g. FYN
SH2 binding to pY781 ACE2; Paper II) or breaking (e.g. TSG101
UEV binding to pT718 PDCD6IP; Paper III) binding sites, it often
fine-tunes affinities by impacting residues interspersed or within the
flanking regions of the core motif. I demonstrated that phosphomimetic
ProP-PD can serve as resource to screen for putative phospho-modula-
tion of binding in high-throughput, even though the phosphomimetics
do not allow to capture the binding of obligate phospho-binders. This is
convincingly shown by the dependency of clathrin binding on S839
HURP phosphorylation, suggested by the phosphomimetic ProP-PD
screen and recapitulated on the level of the phospho-peptide and of the
full-length proteins.

Expanding on the feasibility of mutational ProP-PD to derive binding
preference for wild-type or mutant peptides in a single experiment, |
used the GenVar HD?2 library to elucidate the impact of genetic varia-
tion on motif-based PPIs. While there is good accordance on the peptide
level for both disruptive and enabling mutations, only the disruptive
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mutations could be recapitulated on the level of the full-length proteins.
Of note, previous studies report mainly on the relevance of disruptive
mutations in disease (45,47). This could hence caution the interpretation
of the enabling mutations, but it can also be envisioned that orthogonal
methods, such as BiolD (proximity-dependent biotin identification),
could capture the binding preference more sensitively. We could outline
for a selected set of cases, the relevant information provided by the
screen with the GenVar HD2 library on lost and found interactions as-
sociated with neurological and metabolic diseases, as well as in cancer.
This is demonstrated convincingly for the P348L SQSTM1 mutation,
associated with frontotemporal dementia and diminishing the interac-
tion with KEAP1, as well as the R157C CDC45 mutation, associated
with Meier-Gorlin syndrome and disrupting the interaction with
KPNAY7. Together, we show the potential of mutational ProP-PD to re-
port on genetic variation perturbing motif-based PPIs.

One aspect, which has to be considered for mutational ProP-PD is that
binding preferences are established by sequencing counts. The analysis
assumes hence that the phage particles display the same amount of wild-
type or mutant peptide on their surface. Discrepancy between the phage
display and affinity measurements could be explained by avidity effects
elicited by a differential display of wild-type and mutant peptide on the
phage. Nonetheless, mutational ProP-PD convinces by screening thou-
sands of phospho- and mutation sites in parallel and a positive correla-
tion between the display and affinity measurements of ca. 80% for both
the phosphomimetic and the genetic variation project.
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Future perspectives

Despite enormous efforts and a variety of techniques applied, we are
still far away from a holistic understanding of PPIs and the networks
they form, and will assumably never reach it. We are often limited by
the systems we choose to work with and the techniques used to investi-
gate them. ProP-PD offers the advantage of covering the intrinsically
disordered region proteome-wide, tiling the potential motif-based inter-
action surfaces of the human proteome in peptide stretches. At the same
time, the method is limited by the length of the peptides displayed and
the number and types of protein domains screened against the libraries.
The latter will be addressed in the umbrella project “Towards the human
motif map”, in which the screening of the kinase domains will be incor-
porated. Assessment of binding motifs and specificities of various pro-
tein domains and families will improve our global understanding of mo-
tif-based PPIs. It can moreover be envisioned to go beyond the length
of 16 amino acids displayed on the p8 coat protein with the downside
that it will affect phage stability. Nonetheless, this may allow to capture
longer binding motifs, such as the bipartite nuclear localisation signal,
and provide additional information on flanking regions.

Direct biological translation of ProP-PD is furthermore inherently
limited by the in vitro approach of the selections sampling peptide-pro-
tein domain interactions. Interactor prioritisation has been bench-
marked as outlined above and also takes co-localisation and shared bi-
ological processes into account. Nonetheless, it can be suggested that
orthogonal interaction screens on the basis of the full-length proteins,
such as bimolecular fluorescence complementation analysis, could be
implemented routinely to increase confidence in the uncovered interac-
tors.

Conditional motif-based interactions pose a unique challenge since
their assessment might require prior knowledge of when and where the
interaction occurs. As demonstrated in this thesis, mutational ProP-PD
can be applied to screen for phospho-modulated PPIs and disease-rele-
vant mutations impacting PPIs in large-scale. This allows to identify
phosphosites and mutations in vicinity of the core binding motif
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modulating the binding behaviour of a protein domain. With regard to
the phosphomimetic mutation, improvement of the screen can be
achieved by either encoding phosphorylated amino acids as amber stop
codons or by phosphorylating the phage libraries. By incorporating ac-
tual phosphorylation in the phage library, it could be possible to capture
the binding of obligate phospho-binders in the phage selections. Map-
ping of the phosphorylation-site motifs established by Johnson et al.
(55) on the interactions found to be modulated by the phosphomimetic
mutation may further facilitate to contextualise them and render them
more amenable for follow-up studies.

Mutational ProP-PD applied to elucidate interactome changes caused
by genetic variation is mainly limited by its transferability from peptide
to full-length protein levels. As noted above, it would be advantageous
to implement an interaction screen of the full-length proteins with rea-
sonable throughput. Co-immunoprecipitations are valuable assays, but
they are of low throughput and low affinity interactions are often lost
in the washing process. Of note, I tried to assess some of the interactions
by proximity ligation assay. However, the method was in my hands too
sensitive to the expression levels of the transiently transfected proteins,
so that anything abundant enough will appear as co-localised. Proving
the biological relevance of the peptide-domain interaction changes es-
tablished by the display remains hence a major challenge at hand.
Building on this, exploring the functional consequences of identified
interaction changes and how they contribute to genetic disorders will
require dedicated studies, tailored towards the proteins involved in the
interaction.

To summarise and assumably the most common statement of any
PhD thesis or study: much more is to be done in order to comprehend
conditional motif-based PPIs in health and disease. I hope I have con-
vinced the reader that I have contributed with my work to their explo-
ration.
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Popularwissenschaftliche Zusammenfassung

In diesem Teil mochte ich gerne eine Kurzversion meiner Arbeit wie-
dergeben, die eventuell ein wenig verstiandlicher ist. Wenn man sich so
eine Ndhrwertangabe auf unseren Nahrungsmitteln anschaut, dann fin-
det man darauf Kohlenhydrate, Fett und auch Proteine. Proteine sind
die Molekiile, die fiir einen Muskelprotz wichtig sind, damit er stark
bleibt. Aber es sind auch die Molekiile, mit welchen ich mich in meiner
Doktorarbeit beschéftigt habe. Proteine sind ndmlich nicht nur fiir die
Erndhrung wichtig, sondern auch fiir die verschiedenen Arbeitsabléufe
im Korper und in den Zellen, aus denen unsere Gewebe bestehen. Wenn
wir also so eine Zelle ndher betrachten, so finden wir dort eine Menge
verschiedener Prozesse, welche zeitlich und raumlich koordiniert wer-
den miissen. Man kann sich das wie einen Flughafen oder eine Lager-
halle vorstellen: wenn nicht jeder an seinem designierten Platz genau
das tut was von ihm erwartet wird, so kommt es zur groflen Katastrophe.
Proteine kommunizieren miteinander, um ihre Funktion zu erfiillen, in
dem sie miteinander interagieren. Das nennt man Protein-Protein Inter-
aktion.

Protein-Protein Interaktionen konnen auf unterschiedliche Art und
Weise geschehen, und in meiner Arbeit konzentriere ich mich auf In-
teraktionen, in denen das eine Protein nur einen kleinen Teil des ande-
ren Proteins erkennt und auch nur diesen braucht, um zu binden. Diesen
kleinen Teil nennt man Peptid und oftmals enthélt dieses Peptid eine
Sequenz aus charakteristischen Aminosduren, die spezifisch fiir das in-
teragierende Protein ist. Diese Sequenz nennt man Motif. In unserem
Labor wurde eine Methode (ProP-PD) weiterentwickelt, um all die ver-
schiedenen Motive, die von unterschiedlichen Proteinen erkannt wer-
den, zu identifizieren. Dazu benutzt man Phagen, um Peptide und damit
potenzielle Motive auf der Hiille der Phagen anzuzeigen. Die Peptide
sind als Nukleinsduren in der DNA der Phagen enkodiert. Man fragt
dann die Proteine in den Selektionsrunden welche Peptide, die von den
Phagen angezeigt werden, sie lieber binden und damit eine Interaktion
eingehen. Durch Sequenzieren der Phagen-DNA findet man dann her-
aus welche Peptide das genau sind und kann dann im besten Fall ein
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Motiv herausbekommen. Dazu habe ich auch in meinem ersten Projekt
beigetragen und mir angeschaut ob Kinase Proteindoménen auch solche
Motive binden. Das hat fiir eine kleine Anzahl der Doménen auch gut
geklappt (Paper I).

Der Hauptteil meiner Arbeit beschiftigt sich allerdings mit einer Va-
riation von ProP-PD, in welcher die angezeigten Peptide immer in zwei
verschiedenen Varianten vorhanden sind (Mutations-ProP-PD). Damit
kann man herausfinden, ob ein Protein eine der zwei Varianten mit gro-
Ber Vorliebe bindet. Ich habe das einmal verwendet, um zu schauen, ob
das Hinzufiigen einer kleinen Molekiilgruppe, der sogenannten Phos-
phatgruppe, einen Einfluss darauf hat, ob die Proteine an die Peptide
binden (Paper III). Die Phosphatgruppe ist eine wichtige Modifika-
tion, die viele unterschiedlich Prozesse in der Zelle reguliert. Deshalb
ist es wichtig herauszufinden, welche Interaktionen durch sie hervorge-
rufen und verstérkt, oder aber gebrochen und abgeschwécht werden. In
Paper II habe ich mir das auch fiir verschiedene Motive angeschaut,
allerdings basierend auf bioinformatischen Voraussagungen von Kolla-
borateuren und nicht dem Mutations-ProP-PD. In meinem letzten Pro-
ject (Paper IV) verwende ich auch den Mutations-ProP-PD mit dem
Fokus auf Mutationen, hauptsichlich diejenigen die in Krankheiten auf-
treten. Die Hypothese ist, dass Mutationen, die zu einer Veridnderung
im Peptide fiihren, Interaktionen zwischen den Proteinen hervorrufen
oder brechen konnen. Das hat auch auf der Ebene der Peptide gut ge-
klappt. Es scheint allerdings als wire es nicht ganz trivial die biologi-
sche Relevanz dieser Interaktionen in der Zelle nachzuweisen. Das
muss dann noch optimiert werden.

Insgesamt habe ich mir in meiner Doktorarbeit mir Interaktionen, ba-
sierend auf Motiven, mit ProP-PD angeschaut. Viele der Interaktionen
sind konditionell. Das heifit die Proteine interagieren nur unter be-
stimmten rdumlichen und zeitlichen Umstédnden miteinander. Der Mu-
tations-ProP-PD hat dabei geholfen diese konditionellen Interaktionen
zu analysieren. Es bleibt jedoch noch viel zu optimieren und zu lernen,
um ein vollstdndiges Bild der Interaktionen zu generieren.
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Popularvetenskaplig sammanfattning

I den hér delen ville jag presentera en kort version av mitt arbete, som
kanske dr lite mer forstaeligt. Om du tittar pd nédringsinformation for
den mat vi dter sa hittar du kolhydrater, fett och dven proteiner. Protei-
ner ar de molekyler som ar nédvéndiga for en muskelbyggare att hélla
sig stark. Men det dr ocksa de molekyler som jag har studerat i min
doktorsavhandling. Proteiner &r inte bara viktiga for naringsémnen som
bygger upp pa vara muskler, utan de dr ocksé viktiga for de olika ar-
betsprocesserna i kroppen och i cellerna av vilka vara vivnader bestar.
Sa om vi tittar ndrmare pa en sddan cell hittar vi ett antal olika processer
dédr som maste koordineras rumsligt och tidsméssigt. Du kan forestdlla
dig det som en flygplats eller ett lager: om alla inte gor exakt vad som
forvintas av dem pd sin angiven plats, da blir det en stor katastrof. Pro-
teiner kommunicerar och interagerar med varandra for att fylla sina
funktioner. Detta kallas for en protein-protein interaktion.

Protein-protein interaktioner kan ske pa olika sdtt, och i mitt arbete
fokuserar jag pd interaktioner dér ett protein kdnner igen och bara be-
hover en liten del av det andra proteinet for att binda. Denna lilla del
kallas en peptid och ofta innehdller denna peptid en sekvens av karak-
teristiska aminosyror som dr specifik for det interagerande proteinet.
Denna sekvens kallas for ett motiv. En metod (ProP-PD) utvecklades
vidare 1 vart laboratorium for att identifiera vilka motiv som binds av
olika proteiner. For att gora detta anviands fager for att presentera pep-
tider med potentiella motiv pa fagholjet. Peptiderna kodas som nukle-
insyror i1 fagens DNA. Proteinerna gar igenom selektionsrundor dér de
frdgas sedan vilka peptider, som visas av fagen, de foredrar att binda
och interagera med. Genom att sekvensera fag-DNA:t kan man sedan
ta reda pa vilka peptider det dr exakt och 1 bésta fall kan man ta reda pa
ett motiv. Jag bidrog éven till detta i mitt forsta projekt och tittade pa
om kinas doméner ocksa binder sddana motiv. Detta fungerade bra for
ett litet antal av doméner (Paper I).

Huvuddelen av mitt arbete handlade dock om en variant av ProP-PD,
dér de visade peptiderna alltid finns 1 tva olika varianter (mutations-
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ProP-PD). Detta gor det mojligt att ta reda pa om ett protein binder till
nagon av de tva varianterna med stor preferens. Jag anvéinde detta 4 ena
sidan for att se om att ldgga till en liten molekylgrupp, som kallas fos-
fatgrupp, skulle paverka om proteinerna binder till peptiderna (Pa-
per III). Fosfatgruppen dr en viktig modifiering som reglerar manga
olika processer i cellen. Dérfor dr det viktigt att ta reda pé vilka inter-
aktioner som framkallas och stirks av dem, eller bryts och forsvagas. I
Paper II tittade jag ocksa pa fosfatgruppens betydelse for bindning for
olika motiv, som 1 den studien var baserade pa bioinformatiska forutsa-
gelser fran samarbetspartners. I mitt senaste projekt (Paper I'V) anvin-
der jag dven den mutations ProP-PD med fokus p& mutationer, frimst
de som uppstar i sjukdomar. Hypotesen &r att mutationer som leder till
en forandring 1 peptiden kan skapa eller bryta interaktioner mellan pro-
teinerna. Detta fungerade ocksa bra pa peptidniva. Det verkar dock inte
vara helt trivialt att bevisa den biologiska relevansen av dessa interakt-
ioner 1 cellen. Det maste fortfarande optimeras.

Sammantaget tittade jag i min doktorsavhandling pé interaktioner base-
rade pa motiv med ProP-PD. Méanga av interaktionerna ar villkorade.
Detta innebér att proteinerna endast interagerar med varandra under
vissa rumsliga och tidsméssiga konditioner. Mutations-ProP-PD hjélpte
till att analysera dessa villkorade interaktioner. Men mycket aterstir av
att finjustera och léra sig for att skapa en komplett bild av protein-pro-
tein-interaktionerna i cellen.
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